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Section 1

INTRODUCT ION
A fundamental problem in the design of communication systems is
to realize a lossless coupling network between a given source and a
given load so that the transfer of power from the source to the load
is maximized over a prescribed frequency band of interest. We refer

to this operation as impedance matching or equalization, and the

resulting coupling network as matching network or equalizer.

The matching problem was initiated by Bode [2] in the study of
coupling networks for a class of very useful but restricted load
impedance composed of the parallel combination of a capacitor and a
resistor. He established the fundamental gain-bandwidth limitation
for this class of equaliéers, but did not go further to investigate
the additional limitation imposed on the lossless equalizers by the
load. Fano [24] extended Bode's work, and brilliantly solved the
impedance matching problem between a resistive generator and an
arbitrary passive load, in its full generality. The key idea under-
lying Fano's solution is that of replicing the load impedance by its
Darlington equivalent. The results on physical realizability are
then transformed into a set of integral relations involving the
logarithm of the magnitude of the reflection coefficient. Never-
theless, Fano's approach, although very ingenious and elegant, suffers

two main drawbacks, both from a practical and theoretical viewpoint.

First of all, the replacement of the load impedance by its Darlington

Ty,
A ]

equivalent leads to the complications of translating certain of its

@

propertics into structural properties of its associated Darlington.

L

L T

Secondlv, since Parlington's theorem is valid onlv for passive

impedanie, the technique cannct be extended to the design of general

- L)
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active equalizers. With the advent of solid-state technology and its

apparently unending proliferation of new devices such as the IMPATT
diode and the GaAs FET, this consideration can no longer be ignored.
Based on the principle of complex normalization ot a scattering
matrix [56,59]), Youla [58] developed a new theory that completely
circumvents the two main objections encountered in Fano's work.

Since Youla's method deals directly with the load, it is much simpler
to apply. In fact, his theory was generalized by Chan and Kuh [6]

to include the situation where the load impedance is active.

Both matching theories indicate the many directions of extensions.
Since Fano and Youla's equivalent of a source system is represented by
a single resistance, the restrictions imposed by the complex source
system are not present in their work. Thus, a clear extension is to
allow frequency-dependent source impedance as depicted in Fig. 1.1l.
This was recently solved by Chien [21], Chen and Satyanarayana [19,46]
and Chen {16], who derived necessary and sufficient conditions for the
physical realizability of the matching network in terms of the para-
meters of the known load and source impedances and the desired trans-

ducer power-gain characteristic. Chien's conditions guarantee the

11(ll lossless
equalizer
+ — D z3(s)
vg N
Z410s) Z32(s)
Fig. 1.1. Schematic of Broadband Matching between
Arbitrarv Source and Load Ilmpedances.

[R]
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physical realizability of the scattering parameters so constructed,
thus insuring the existence of the desired matching network. The
actual realization of the equalizer is accomplished by realizing

its scattering matrix, using standard techniques developed elscwherc.
Chen and Satvanaravana's result [19,46], on the other hand, provides
a direct means of constructing the equalizer. Specifically, they
demonstrated that with appropriate choice of some regular all-pass
functions, the equalizer back-end impedance is first realized as the
input impedance of a lossless two-port network terminated in a l-ohm
resistor. Bv replacing the l-ohm resistor by the source impedance,

we obtain the desired matching network. Needless to say, the broad-

band matching problem has been discussed and elaborated upon by many

workers [4, 7-15, 18, 30, 34~36, 48]. The extension of the theory to

'.\'\O

b

frequency-dependent source and active load is very recent and is given

bv Chen and Tsai [20].

i
VLY

The present research is a direct extension and generalization of
the work reported in the foregoing. The major point of departure
arises from the difference in the number of accessible ports of the
matching networks. Here we investigated the broadband matching problem

\
of many ports. The significance of the work is that it enables us to ]
studv 1.ssy two-port networks as well as to design channel multiplexers. |
For example, a lossy two-port matching network containing n-2 resistors
can be considered as a lossless n-port matching network with n-2 of its

ports terminated in the resistors.

l.1 Existence of normalized scattering matrix

Referring to the n-port network N of Fig. 1.2, let [14,56,59]

5(s) = (s, . ] (l.1)

LA LI
'(‘
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Fig. 1.2. Schematic of Ceneral Broadband
Matching of an n-port Network.

be its scattering matrix normalized to the reference impedance

matrix

z(s) = diag [z,(s), 2,(8)5 <ons z (s)1s (1.2)

each of its ¢lements being a non-Foster impedance. Write

(1.3)

I
w
—
w
~
L}
[92]
—~
|
192)
~
-

AT AR N

where the prime denotes the matrix transposc. The para-hermitian

QP
L2

>

1]

Y
o
)

part of z(s) is defined as

r(s) = Ylz(s) + z,(s)]. (1.4)

‘w\_’) AR
RN

f

Fictoring each diagonal element of r(s) as the product hk(s)hk*(s)

‘1;’
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such that hk(s) and h;i(s) are analytic in the open RHS (right-half

of the complex-frequency plane), where h _(s) = hk(—s), and express

k*
E(S) accordingly

I(s) = his)he(s), (1.5)

where

E(S) = diag [hl(s), hz(s), cees hn(s)]. (1.6)
Then we can show that
5(s) = R()hx (8) = 2(s)Y_($)h(s), (1.7)

where la(s) is the admittance matrix for the augmented n-port network
Na as shown in Fig. 1.2.

The scattering matrix §(s) thus defined has the following remark-
able attributes:

(i) Ié(s) is rational.

(ii) g(s) is analytic in the closed RHS.

(iii) in - 8*(s)$(s) is hermitian and nonnegative-definite for

all s in the closed RHS, where $*(s) denotes the transpose

conjugate of §(s) and In the identitv matrix of order n.
~

(iv) S(s) is a real for real s, i.c., 5(3) = 5(s).
(v) If N is lossless, S$(s) is para-unitary, i.c., Sx(s)8(s) = %{
(vi) if N is reciprocal, §(s) is symmetric, i.e., 8'(s) =5(s).

>

(vii) The transducer power gain G, (w”) from port i to port k
i

k

under the matched conditica is given by

) R
GooGT)y = s 0T 1.8
S |k1|)| (1.8)
Thane propervties ot S(s) are all necessarily true, but thev are
pet o sufticicent to o guaraiee that o matrix with these properties can be
realized as the seattering matrix of some physio ]l passive n=-por
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o
SN
‘,:" network normalizing to the reference impedances zl(s), zz(s), ey
s
:-; zn(s). The necessary and sufficient conditions for the existence of
1.y
oVl . . .
", such a matrix is given below.
, " Theorem l.l: (Wohlers [54]) The necessary and sufficient con-
o T
Sy ditions that an nxn rational matrix be the scattering matrix of a
* WY
-“.u
NS lumped and passive n-port network normalized to the n non-Foster
)
- pusitive-real impedances zl(s), 22(8)’ ..., 2z {(s) are that:
< n
'(:: (i) -\l,n - 5*(jw)S(jw) be nonnegative-definite for all real w;
&
u
) -
W (ii) the matrix defined by the relation
o ¥ () = 5h Le) ne)ns(s) - 5601 (s) (1.9)
-_‘::. ~a £ ~ ~k ~ ~ :
=
T L , . .
e be analytic in the open RHS, where h(s) is a factorization of the para-
T ~
hermitian part r(s) = h(s)hy(s) of the reference impedance matrix
,
-}-. . -I
~ z(s) = diag [2,(s), 2,(8)y +v., z (s8)] such that h(s) and h, (s) are
e ~ 1 2 n *
SOEN
:‘\ analytic in the open RHS;
o
)
{ (iii) eicher
T
o a) det {1 - |z - 5 i : 8 S
o (a) {~n [z(s) —lnlla(b)} # 0 in the open RHS, or
N
: :.: (b) the matrix defined by the relation
Lo o
L
. M(s) = {1 - - C (s z (s) .
P, M(s) = {1 - [z2(s) = 1 1Y (s)}z(s) + 1 ] (1.10)
.’:.
.
-';._,- have at most simple poles on the rcal-frequency axis with nonnegative-
‘
va
X ay definite residue matrix.
: In addition, if the network is reciprocal, the matrix $(s) must
‘u,,‘\
‘:_‘ he symmetric. This result is computationally veryv difficult to apply.
Ll
5‘- Nevertheless, the theorem is of fundamental importance in its own
9. . )
1..:* right. [t forms the basis of the approach to the solution of broad-
.
& - i
T band matching between two frequencv-dependent impedances as reported
Yo
A by Chien [21] and Chen and Satyvanaravana [19,46]. It is also essential
LS
e
Har
W > 6
\?'
L
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~
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in the formulation of the compatibility problem of two positive real

impedances, as demonstrated by Wohlers [54]) and Ho and Balabanian [33].
We propose to investigate and develop alternate and more tractable
conditions that would alter our viewpoint on this and many other prob-
lems. The conditions will be formulated in terms of the coefficients
in the Laurent series expansions of the functions derived from the
reference impedances zk(s). An outline of this approach will now be
described.

Refer to the n-port network N of Fig. 1.2. Let

.,

o sy = [s?. (1.11)
..\.- ~ ij

b‘\-"\

NN

;:\, -

®

be its current-based scattering matrix. Then we have [14]

5(s) = he)sh()n; (o). (1.12)

If Zkk(s) denotes the impedance looking into port k with all other ports
being terminated in their reference impedances, then from (1.12) we
have

hk(s) Zkk(s) - zk*(s)

Spk(s) = b () 7,0 * 2, () (1.13)

1‘1')1;f
SR

We recognize that hk(s)h;l(s) is a real regular all-pass function, whose

yEs|

)
A

“

poles include all the open LHS (left-half of the complex-trequency plane)

N3

¥ ‘r
/r;"x

>

-

poles of the reference impedance zk(s). Thus, it can be written as the

[ 404

product of the real regular all-pass function

ki
A (s) = — .
L (8) 0 o (1.14)
‘ i=1 ki
X}
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~s
<
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S
Da{m
®-
E:’ defined by the open RHS poles SLi (i=1, 2, ..., w) of zk(—s) and
o
e
L another real regular all-pass function nk, that is
o
(.. : b (s)/h, (=s) = n, (s)A, (s). (1.15)
O
S
e
‘::j Now observe that since
pe
b
) Zkk(s) - zk(-s)

I —-
814 (8) = , (1.16)

[ ¢
«

Zkk(s) + zk(s)

e,

A,

o

the open RHS poles of Sik(s) are precisely those of zk(-s), the function

o

defined by

b

e I

- =

.j.:_ P (s) Ak(s)skk(s) (1.17)
N

o is analytic in the closed RHS. In other words, pk(s) is bounded-real.
::; Write
".\.v ’\Y‘a(S) = [yija]' (1‘18)
f
’{ﬁ- Then from (1.9) we have

'
R (s)/h. (s)h,(s) 1.19)
K" 2 . . = _S. . \S . (s .S .
o lea(s) i ) /hy S (

._.b

~ Ny

.

for i #j, and

-
)

..I
<
PR b

I S _ -
y.. (s) Zhj(s)hi(—s) [1 hj( s)Sjj(s)/hj(s)]

S
el
P
iy
.

o
-
.
o8]

e = L A, (s st
37 OO B R R F

s -

) _B(S) oj(S)
F.(s)

]

s (1.20)
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where

= ). 1.21
Fj(s) er(s)Aj(s) ( )

Following Youla [58], we call a closed RHS zero of multiplicity

m of the function rk(s)/zk(s) as a zero of transmission of order m of

the impedance zk(s), and divide the zeros of transmission sOk of zk(s),

written as Sok = %ok + ijk’ into the following four mutually exclusive
classes:

Class I zero: cOk > 0,

Class 11 zero: oOk = 0 and zk(SOk) = 0,

Class 1II zero: oy =0 and 0 < lzk(SOk)l < =,

Class IV zero: OOk = 0 and |zk(sok)| = oo,

The notion of an inherent resvriction on‘g(s) emerges immediately
from (1.19) and (1.20). Sincetg(s) is analytic in the closed RHS, the

closed RHS poles of'za(s) can occur only at the zeros of transmission

of the reference impedances zk(s). In other words, if’Xa(s) is the

admittance matrix of a physical n-port network, then the real-frequency
axis poles of yija(s)’ i#j, can occur only at the real-frequency-axis
zeros of hi(s) and hj(s) and Sij(s) must contain all the open RHS zeros

of hi(s) and hj(s), to at least the same multiplicity; and every zero

of transmission of zj(s) must also be a zero of Aj(s) - pj(s). Stated
differently, regardless of the choice of the n-port network N in

Fig. 1.2, there exist points s in the closed RHS, dictated solely by

0j

the choice of the normalizing impedances zj(s), such that

Aj(SOj) = pj(SOj)’ i=1l, 2, ..., n. (1.22)

Recall that Aj(s) are completely specified via (1.14) by the open RHS

poles of zj(-s).
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These restrictions are most conveniently and compactly formulated
in terms of the coefficients in the Laurent series expansions of the
functions A, (s . (s F.(s) and S, .(s)/h.(s)h.(s) about a zero of
u J( ) pJ( ) J() ij ) i )J

transmission Sok of zk(s):

a(s) = Zaxj(s - 50" (1.23)
X=
_ - X
Py (s) = Z pxj(s SOk) , (1.24)
x=0
- - X
Fj(s) = Z ij (s SOk) , (1.25)
x=0
X
S;5(8) hy(8)h (&) = D a1 (s = sg", (1.26)

x=0

where i,j=1, 2, ..., n. For example, at a Class I zero of transmission
SOk of order m, for yjja(s) to be analytic in the open RHS, Aj (s) —pj(s)
must vanish at SOk to at least the same multiplicity, yielding

a =D Ly x=0,1, 2, «o., m—-1. (1.27)

At other classes of zero of transmission, similar coefficient constraints
can be obtained. However, they are much more complicated than those
suggested above. We will derive a set of coefficient constraints that
are both necessary and sufficient for a real rational matrix to be the
scattering matrix of a lumped passive n-port network normalizing to the

n prescribed non-Foster positive-real impedances /,l(s), 22(5)’ cens zn(s).

10
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1.2 General matching theory of many ports

Having successfully developed an alternate and more tractable
set of conditions that chracterize the normalized scattering matrix,
we shall now apply it to study the general matching problem of many
ports. To be definitive we shall consider the following problem.
Given n arbitrary non-Foster positive real rational functions zl(s),
ZZ(S)’ cees zn(s) as the internal impedance of the generator and the
load impedances and given a set of real rational functions Gij(mz),
i#j, bounded by unity for all real w, as the transducer power gain
from port i to port j, the problem is to determine conditions under
which there exists a lossless n-port network, which, when terminated
in these impedances, will realize the prescribed set of Gij(mz). The
approach will be described below.

Refer to the n-port network of Fig. 1l.2. Let‘g(s) of (1.1) be
its normalized scattering matrix. Assume that the n-port network N is
reciprocal and lossless. Then in view of the complex normalization
concept discussed in the foregoing, §(s) is symmetric and para-unitary
and imbeds the given set of transducer power gain characteristics

2 . .
G,.(w"). Hence, we shall first construct the most general symmetric

ij
para-unitary matrix S(s) from the given set of Gi.(wz). Then from
physical realizability conditions obtained earlier on S(s), we can
introduce constraints on Gij(wz) such that §(s) is indeed physically
realizable. Note that not all the transducer power-~gain characteristics
Gij(w) can be specified independently; only n-1 of them can be pre-

assigned by the designer.

The symmetric and para-unitary conditions on $(s),

S(s) = 8"(s), (1.28)

Sx()8(8) = 1, (1.29)

11
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N !
S
19y
-"::-' yield, in expanded form,
b
S0
-.,::.: Sij'(s) = Sji(s)’ i, j =1, 2, «v.y 1, (1.30)
; ‘,'n
( n
oy S.. (s)S. (s) =6, , (1.31)
A jix jk ik
‘5"':: j:l
o
S
“ ) where éik is the Kronecker delta and i, k =1, 2, ..., n. Moreover,
A we have
h .,\~_
h P
K~ 2 2 1.32
o ' = i . .
x.‘_: |5 (G0 | Gy (095 i#k (1.32)
) On the real-frequency axis, (1.31) and (1.32) become
4, ~
o
o]
iy 2 - 2
_#-. Is;; G [® =1~ z NP i=1,2, ..., n. (1.33)
s b
b 2
-J:. Hence, the gain functions Gij (w”) determine uniquely the magnitude of
Cod
2 .‘.
,é: Sij(s) on the real-frequency axis. The phase of these functions, which
H
“? cannot be determined from Gij (1»2), may be represented by real regular
Y
B
;_::.} all-pass functions. Appealing to the theory of analytic continuation,
N
:_ let pij be the minimum-phase factorizations of Gji(-sz), i # j, or
J
") n
v 2 : 2
) _ _ Lo .
::__: 1 Gik( s7), i j. (1.34)
e k=1
"_;\.' k#i
\-l
.._ Then the most general solution of (1.32) and (1.33) that is analytic in
4 ™
:.'.:' the closed RHS is given by
W
e
¢
.. Sij(s) = nij(s)pij(s), i, =1, 2, ..cy n. (1.35)
(.:J-
.."{: This together with Sij(s) = Sji(s) gives the most general furm of the
oo
:\: scattering parameter representation of a lossless reciprocal n-port
J'_;J
_" network normalizing to ZI(S)’ zz(s), cees zn(s) which imbeds the given
L) f’.
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kﬁ‘: set of transducer power gain characteristics Gij(w ), i#j. However,
“
Ll
N
Ny not everv representation of this form is physically realizable, and
I\ |
b |
. the solution to the n-port matching problem reduces to the question ‘
»:{ﬁ of the existence of a set of real regular all-pass functions ﬁij(s)
o
;ﬁf so that the matrix §(s) is realizable. Thus, by examining the coef-
' !
- ficient constraints imposed on S(s), we can arrive at a complete |
V) |
,?f solution to the matching problem of many ports. These result in a ‘
1%#
b s set of coefficient conditions that are necessary and sufficient for !
L%
) . . .
Y, the existence of a lossless reciprocal n-port network, which, when
S terminated in the given load impedances, will realize the prescribed
7
i\{ transducer power-gain characteristics.
-P:-'
TR
‘ 1.3 General design theory for multiplexers
z,:; As a consequence to the above solution of the broadband matching
L3y problem of many ports, we can design a lossless reciprocal n-port
{ - network that matches a frequency-dependent source and n-1 frequency-
N 3 . » : .
n&- dependent lecads with a priori apportionment of average power over a
o
~G . . o . .
Oy preassigned band of frequencies. The situation occurs in typical
A‘)"
f; antenna applications, where a single generator drives n-1 frequency
35S sensitive loads. The constraints imposed on the transducer power—gain
W
o . 2 . .
:fb characteristics Gik(w ) = |Ski(Jw)l2 are expresscd in terms of the
N
‘r maximum allowable voltage standing wave ratios
~
%
" .
o 1+ [Sii(Jm)|
:; (1.36)
. 1 - .o (]
Y lsll(Jw)l
9.
A
{j In this case, the synthesis of the n-port network must be carried out
- with prescribed bounds on the IS The preceding solution also
. "p

, allows the study of the e¢ffect of loss on the gain-bandwidth product
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A
o of a two-port matching network, because a lossy two-port matching
O
.':.-_C network can be viewed as an n-port with n-2 of its ports being ter-
‘-'P\'
Y . : .
RN minated in resistors.
{
L A multiplexer is a device that splits a siugle channel carrying
o
..-:'.rf many frequencies into a number of separate channels carrying narrower
G
Sty

bands of frequencies. It might at first appear that the design of a

:_.'_‘ multiplexer could easily be accomplished by designing the band-pass
ol .
At tfilters using any of the many known techniques, and then connecting
W
N
ol these band-pass filters in parallel. Such a procedure does not work
SN well because of the undesirable interaction between the filters, which
An',
-‘..J':: . . . . .
SNy could result in ver oor performance. To avoid this difficulty, many
A Yy P p y
o
g
i .\* techniques have been proposed to eliminate such undesirable interaction
)
= effects [43-45].
A~
SRS
S An important practical configuration for the multiplexers makes
;:.‘ use of the constant-resistance filters. Filters of this kind, when
“ ]
§ - all designed for the same terminating resistance, can be cascaded as
o shown in Fig. 1.3 to form a multiplexer which in theory completely
Ao
‘I-_‘) avoids the filter interaction effects mentioned above. Each filter
prevides the proper termination for its neighbor, so that to the extent
by L]
A
J:“.'. that there are no residual voltage <tanding wave ratios and manufacturing
v,
AN
A7,
L2
- \"
;. f, f, f, f, fs
LJ .
Con, —
‘—:J F—
i N N N N
= 1 N2 3 4 5
‘;'."“ input signals ___,)] > > S
f,.f,.f 6
o 123
e
U f £ f
e 4'5'6
-
e Fig. 1.3. Constant-Resistance Filters U'sed for
N & Multiplexing.
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imperfections, the structure is reflectionless. However, in reality,

LY
N each filter will generally have some parasitic voltage standing wave
N
»
Y ratio, which will affect the system significantly if many filters are

to be cascaded. Thus, to design a good multiplexer we must consider

frequency-dependent load. Instead of using constant-resistance filters,

-
i we investigated the notion of constant-impedance filters, which, when

\

} connected in cascade to form a multiplexer, will take into account of

13

X

j ' the parasitic effects of the elements. This formulation is closely

J

]
Ay related to the broadband matching of two frequency-dependent impedances.
. Another common configuration [44] for the multiplexers is shown in
v.

v,
of Fig. 1.4 where n specially designed band-pass filters are connected in
[® -
L
1,

q

-
1 L
I

-, Y'

&,

"/

w

channel 2

channel 1 %’1

susceptance

annulling
°
network o
.
L)
., Ld
"
N
~' channel n %'n
A
i L]
3{ Fig. l.4. A Parallel-Connected Multiplexer.
0
i parallel. A susceptance-annulling network is added in shunt to help
‘: provide a nearly constant total input admittance Yt which approximates
L]
A
‘: the source conductance l/rO across the operating band of the multiplexer.
D
Figure 1.5 shows the analogous situation of a series-connected multiplexer.
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)
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\L\ J
Ny reactance channell n
XA annuiling
{ network
’)
::ﬁ
w_
'J,‘: ro
s
i channel 2 >
1)
.l
{
i
4]
'~.' + Py
L) ; [
.l I\ g ®
B \s‘
‘*f
o,
'-‘-g,.: channel n f
'.i
e i
?j?' Fig. 1.5. A Series-Connected Multiplexer. 1
Pacas Since the series case is the exact dual of the shunt case, the same
lu: principles apply to both. Therefore, out attention will be confined
Nl
o exclusively to the shunt case.
) Ca
Dt
! Each channel in the parallel configuration of Fig. 1.4 is a
i ;: specially designed band-pass filter. When these band-pass filters
o are connected in parallel as in Fig. 1.4, they can be represented by
N
A0 their input impedances z,. Instead of using the annulling network,
i
f} the problem may be viewed as broadband matching of frequency-dependent
.
b2,
’¢u: loads and a resistive source. In the present research, we studied the
o
-
> relationships between the broadband matching of multiport networks and
@.-
;5:: the design theory of multiplexers, and applied th known results in the
:n' theory of bronadband matching to minimize the interaction effects of
o

the individual channels.
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ﬁxq Section 2
.r:'.
™y ON COMPLEX NORMALIZED SCATTERING MATRIX AND ITS APPLICATION
(. - TO BROADBAND MATCHING OF MULTIPORT NETWORKS
*I‘J‘
Chrd
:: 2.1 Introduction
"-:' The necessarv and sufficient conditions that an nxn matrix be
)
2. the scattering matrix of a lumped, lossless n-port normalizing to n
e
i BT . - . . . . . .
N non-Foster positive-real impedances are presented in matrix form in
NS
"-':' rerms of coefficients of the Laurent series of the parameters. Also,
o a method is introduced for constructing a generalized scattering
%
» o~
s, matrix of a lossless reciprocal n-port equalizer from the preassigned
ros
I )
(v transducer power-gain characteristics and a set of n passive
TN
!.- terminations.
o
‘\' The significance of this work is that it provides a means for
-'\.t

0y

<.

testing the realizability of an nxn scattering matrix by dealing

with the coefficients of the Laurent series expansions of the para-

52

: : meters.  An example ot a three-port network is given to show the
™,
) , . . . .
v procedure tor constructing a scattering matrix possessing the para-

af

L)
D) unitary property, and achieving the preassigned transducer power—-gain
’
o o : .
" characteristics when it is terminated in the given impedances.
SAS
e
s This section studies the broadband matching problem of multiport
N
® networks.  The ftirst part presents the necessarv and sufficient con-
Sy
'-'l...' . .
" ditions under which a rational nxn matrix §(s) be the scattering
Y
™ e
.
,'f- matrix of a tumped, lossless n-port equalizer terminated in a sct
g
"R
@ of pousitive real impedances. The results are shown in matrix tform
oo in terms of the coefficients of the Laurent series expansions of the
'-.._-
Lo o P . . :
v parameters.  These conditions are directly applicable to the realiza-
o
e . : _
' ¥ tion of a lossless reciprocal n-port equalizer from a given matrix
Vgl Sfs) and a given set of positive real impedances.  The second part
¢:'.-
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introduces a method for constructing a generalized scattering matrix

(s) of 4 lossless reciprocal n-port equalizer from the preassigned

v

transducer power-gain characteristics and a set ot n passive impedances,
whtich satisfies the para-unitary condition. By imposing the physical
realizability requirements for a scattering matrix, necessary and
sutticient conditions of a lossless reciprocal n-port equalizer ter-
minated in n passive impedances satisfving the preassigned transducer
power—gain characteristics are established.

In an earlier study of the broadband matching problem, Youla [58]
developed a new theory of broadband matching an arbitrarv load to a
resistive generator based on the principle of complex normalization.
Wobidlers [54] orfered an existence theorem of an nxn scattering matrix
o g lumped, passive n-port normalized to n non-Foster positive-real
impedances. Chien {21] derived the necessaryv and sufficient conditions
tor othe realizability of a two-port network having preassigned trans-—
ducer power—wain characteristics by constructing a scattering matrix.
then {164 presented o uniticd theorv from the point of view of
impedance compatibilitve This section develops the realizability
wnditions tor g lessless multiport as an extension of a double-port
matehing probien,

[n paravraph 2.2, we pive preliminarv considerations.  In para-

praph Z. 3, the necessarv and sufficient conditions that a rational

‘
]
noen matrix be o oscattering matrix are derived.  In paragraph 2.4, 1
7 |
a nicthod Yor constructing a generaliced scattering matrix is intro- ‘
deced and reatizability conditions of the lossless reciprocal n-port

v lizer are discussed. Paragraph 2.5 presents an example to show

tin:e desivn procedure.
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Preliminaryv consider it ions

'~ Consider the n-port network N of Fig. 2.1 with n non-Foster

. ; . . Lot
{ positive-real terminating impedances zi(s) (i=1,2,...,n). Write

z(s) = diag [z,(8), z,(s), .., 2 _(8)] (2.1)
1 2 n

A

. The scattering matrix normalized to the reference impedance matrix

-
¥ «

-
U

z(s) is written as
~

]

B
Pl

AL
P

g
PR

8(s) = (8] (2.2)

2

A

-

The even part of zi(s) (i=1,2,...,n) is

ars

ri(s) =’z (s) +2z,(-s)] = h,(s)h, (-s) (2.3)

s
oS

L

where the factorization is to be performed so that hi(s) and h;l(-s)
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Fig. 2.1. Schematic Diagram of an n-port
Network N oand the Augmented n-port
Network N .
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analytic in the open RHS. H(s) is written as

H(s) = diag [hl(s), hz(s), cees hn(s)] (2.4)

™ B

s

Define two regular all-pass functions A(s) and B(s) as

al il 3
Pl AP
Y

u,
1 .

n —1 Re a, > 0 i=1,2, «..y n (2.5a)
j=1

(1

.
‘.

Ai(S)

-~ 2%
-

LG

F R EES
e
<
’-J
w
]
o

Bi(s) (2.5b)

n
(=]
=
)
o
| v
[«
[
1
—_
N
=

where aj (j =1,2,...,ui) are the open RHS poles of zi(-s) and bj

Qj=l,2,...,vi) are the open RHS zeros of ri(s). Thus,

hi(S)

E;?:gy = Ai(S)Bi(S) (2.6)

Define

;Qy Fi(s) = 2ri(s)Ai(s) i=1,2, ..., n (2.7)

W Definition 2.1. The closed RHS zeros of multiplicity ki of the function
. r,(s)
A 7—175—)— are the zeros of transmission of order ki of zi(s). Furthermore,
"1

e a zero of transmission SO of zi(s) is said to be a
I'n

r; Class I zero if Re s. > 0
'5-,.," 0

I:}: Class Il zero if 5o = Jug and zi(JwO) =0

:ﬁg Class I1l zero if sy = jw

Class IV zero if SO = jw

0 and 0 < |zi(jm0)! < o

0 and [zi(jwo)l =

Y
_‘: Definition 2.2. Zeros of transmission SO of Zi(s) (i=1,2,...,n) are

PRI
1

~ called the normalization zero of the n-port network N.
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Definition 2.3. Let EN(S) be the open-circuit impedance matrix of

)
4

¥,
>

i

an n-port network and z(s) the reference impedance matrix. The

Augmentation admittance matrix ’Xa(s) is defined as

,.-
A

2OCERAs LA

X0 = Y] = [Zy(s) + 2()) (2.8)

As indicated in [l4], the normalized reflection coefficient at

port i, Sii(s) can be expressed as

$,,(s) = B;(s)p; (s) i=1,2 . .y n (2.9)
\\'f,: The matrix la(s) is constructed by usingf
o
'.;: Y =yt n -1 1
¥ ~a(s) =51 " (s)[H(s)Hx (s) - S(s)]H "(s) (2.10)
9
‘F‘IE Invoking (2.7) and (2.9), gives
N
A ]
(% A (s)-p ) (s) i S1,(s) _ 8),(s)
FI(S) 2h1(s)h2(s) 2h1(s)hn(s)
Xa(s) = (2.11)
_ 5.1(s) o SnZ(S) An(S)—pn(S)
2hn(s)hl(s) 2hn(s)h2(s) Fn(s)
- —

i Ai(s), pi(s), and Fi(s) (i=1,2,...,n) are expanded in the Laurent
> series about a zero of transmission Sg* Thus ‘
" ;
" !
-,
¢ o
< AGs) = ) A (s-s )" 2.12)
; i s) = <i s0 (2.12
X:
4
J -
J w
- (s) = (55 )" b (2.13)
- Oi = pxi :-.O .

x=0

THats) = (=)

AT alv.
]
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Y
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P AP S Syt

L, LS

_ - X
Fi(s) = Z in(s so) (2.14)
x=0

| e N

[ > v »

A0
I} R A

1.0 &
Ly

_,
»
5

.

Ir SO=°°, then (s—so) is replaced by é in each of (2.12) and (2.14)

5

2

The augmentation admittance matrix _Xa(s) can be expanded as

‘:) &

CA
: ,'L' o
o x (2.15a)
- = - .
) AN C) Q, (W) (s-sy) a
k> x= -1
N
. where
h
. o
RN
§ ", = .
o Q () = [a, ;)] (2.15b)
(AN
<l
Al
and u refers to either class II, III or IV.
S
2 Denote the residue matrix of impedances z,(s) at a Class IV zero
g 1
ﬁ‘ of transmission sy =jw0 by
J‘,;-,’,
(n ” . ~
! ) =d ¢ [P .
Y . ’é-l 1ag [d_lls a_lz: > a—ln] (2.16)
e
Q::-::: The necessary and sufficient conditions for the normalization
o
\..-\\ . s
1 impedances z,(s), z.(s), ..., 2 _(3) and the nxn matrix S(s) to be
) g 1 2 n ~
-}r compatible are given in the following theorem which was first
)
oA
j‘.":' presented by Wohlers [54].
.-:'_.r,
";f.:_' Theorem 2.1 (Existence Theorem)
o . _
"-:, 5 The necessary and sufficient conditions that an nxn rational
)
Ay
\:ﬁ matrix be the scattering matrix of a lumped, passive n-port nor-
L%y
-~ )
n,':. malized to n non-Foster, positive-real impedances are:
.\‘J
- 2.
<% 1) Q =£n°.§.*(j“’).§,(~]w)l be nonnegative definite for all w.
At": -1, -1 o ‘
:.\_:, 2) "Xa = ‘QL (HHx - S)H be analytic in the open RHS, and, J
% |
"I’,\";\ either, !
Nt ‘
\
AR ;
¥ W |
T8N |
s T -- \
i._-:. U, is the nxn identity matrix. S$*(ju) = S$'(-jw) and prime denotes ‘
20 the transpose of a matrix.
Wy l
ol 22 !
o: i
. |
l‘,'\-_'-s
\Pt.ﬁ:'
3 TN .
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0

3a) det [Un - (Engnlza] #0 T in the open RHS, or,

A

b

3b) the matrix [Un - (z-:yn)za](E;FUn) have simple poles on the

o
B,

-

real-frequency axis, and the matrix formed with residues at

o

each of these poles be nonnegative definite.

'~
N

) -_\

P N

o 2.3 Main result
K Zatn resuit

Vo In this portion, we present a generalized theorem for a multi-
5 ..'

1f: port matching network in which the coefficient constraints are exp-
B . . . . .

:\ ressed in matrix form in terms of the Laurent series expansions.

1

Theorem 2.2

B

,: Given a real rational nxn matrix S(s) and n non-Foster positive-
o

10

“: real functions zl(s), zz(s), ..., and zn(s), the necessary and

J

\

9 sufficient conditions for the matrix §(s) to be the scattering matrix
3G

)

u\ﬁ of a lumped, lossless, n-port network normalizing to the impedances
o d

o zl(s), zz(s), eees an zn(s) are

;‘ '\.‘
i4 ) S*(Gw)8(jw) =,gn for all w (2.17)
LY

‘-" 1 -1 -1 _l

2) ,X_a(S) =5H "(s) [H(s)H "(-s) - S(s)1H " (s)

xi: be analytic in the closed RHS and its off-diagonal

elements Yij (i,j=1,2,...,n 1i#j) have at most simple

r_\"

poles at the jw-axis normalization zeros.

“ -l- 4

o0

3) pi(s) satisfy the coefficient constraints

L4
O

AXi = pxi x=0,1, ..., mi—l (2.18)

by

P

-
it
—

-
N

-

.

.

.

-
=]

v ]
o }

where

-
-~

e
=

for Class 1, II, or IV

. l.
v\ p ':‘
-
-
[
¥
—

for Class II1

Pl
1.' :‘ l~ l"

g

+ . .
det denotes the determinant of a matrix.
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4) at every jw-axis normalization zero Sy = jwo.

(i) | It Izi(jmo)l < @ i=1,2,...,n thenT

Q_ () >0 (2.19a)

~—

where u refers to Class II or III1 and

m, i L1
Q_y 4;(w) = ———— i=1,2,...,n (2.19b)
-1,1ii F .

(mi+1)1

(ii) If |zi(jw0)| = i=1,2,...,n then

(a) Q_;(uw) =Q4(u) =0  and (2.20)
Az, () (AT} - 9] >0 (2.21a)
' ~
g
N where u refers to Class IV and
N'-‘v‘:
hv"‘:‘-"',
@ Amii_pmil
o q, .. (IV) = —F/—————— i=1,2,...,n (2.21b)
" n 1,ii .
N (mi—l)l
AN
~

(iii) If IzZ(ij)l =w 2=1,2,...,k and

Izp(jwo)l <o p=ktl, k2, ..., n then

@ 9, =0 (2.22)

(b) g_l’u.(lv) =30’11.(IV) =0 f,2'=1,2,...,k (2.23)

k n-k
- ]
koA 78y, Y E S0, 2p
I
) | e e >0 (2.24)
I
I
n-k go,lp i g_lgpp'(U) i
- —
where u refers to Class II or III.
‘f 5 1 . I3 .
Qn denotes the nxn zero matrix and > 0 denotes the nonnegative definiteness.
tt

Q

-1,8p denotes the submatrix of Q_l with subscripts & and p.
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N

~on

B \-.'. .

SO The proof is given in Section 2.6. By applying Theorem 2.2, we
-~

AN can test to see whether or not a given nxn matrix is the scattering
NN
Lf matrix of a lossless n-port network terminated in n given passive
N, . . ; .

N impedances. In manv practical situations, the design of a lossless
S

)‘ . I3

Dels reciprocal equalizer to match out n arbitrary passive impedances is

b
-

"

required. The design procedure is divided into three steps. First,

(4

o
fjxj we construct a scattering matrix in its most general form. Second,
12N
;3 3 we apply Theorem 2.2 to determine the realizability of the scattering
N
: matrix. Finally, the desired matching network is obtained by
0
;,Qﬁ realizing this scattering matrix, applying any of the known multiport
W
N
R synthesis techniques [39].
oy 3

2.4 Construction method of scattering matrix

Sasss,

In this portion, we study the construction of a scattering matrix

in its most general form for a lossless reciprocal n-port. The scat-

P
Ix )

N am o o

tering matrix of a lossless n-port must have para-unitary property.

I- -
L~
:{:. Hence, we need to construct a para—-unitary scattering matrix within
LI
~ . - .
:n? arbitrary all-pass functions based on the preassigned transducer power-
&

e

gain characteristics and n terminations. Using this general form of the

X

')k‘h.

scattering matrix, Theorem 2.2 gives the necessary and sufficient con-

. e a2
WY

ditions for the existence of a lossless, reciprocal n-port equalizer

XX

terminated in n passive impedances satisfying the preassigned trans-

xx

ducer power-gain characteristics.

o
B/W N
.fﬁh From the para-unitary property of a lossless, reciprocal n-port,
- -

.- ey |
.AQT‘ '§(SX§*(b) -'gn (2.25)
-':."'
- we obtain
".--"

: o

."‘ S..(s)S.. (s) + S..(s)S.. (s) =1 (2.26)

Ly ii ij
R =1

" j#
450

>
:~p 25
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N where S, .
1]

G(mz), we have

S...
J1

2
Cij(w )

where
n

0 < E Gij(wz) <
j=1
j#l

Factorizing Gij(—sz) obtains

G, (-sz)

ij

\-\.,\:.
YN

.

o

ry e e
DA
AN

hTh

A

>

oy
P

From (2.26)

-
Ny

et U

1'.

S;1(8)855,(s) =1 -

*&
h

xX

.‘ - aA, - 2
e

AR

AU

o W e 0

§;(s)

3

S, .
1]

P

>

.I
'

.t R TR T T ot " et et oA AT AT 4" a" W a
94" 5’\ $’$ ﬁ*s \f"a‘}bf\wﬁf':\wxvh AV
L B A LT PR VR AN N, Y A

Sij(S)Sij*(S)

o

From the given transducer power-gain characteristic

1

P

ISji(jm)lz (2.28a)

and

IA

w < o«

1, 2,

(2.28b)

vey N

ij(S)Pij*(S)

)

where Qii(s) and Pij(s) are Hurwitz polynomials.

i=1
j#l

where Ui(s) is a Hurwitz polynomial.
eii(S)Bi(S)pim(s)

(s) = eij(S)Bi(S)Bj(S)Sijm(s)

O T DL
T S, nf.w.,:,\,x,\ \¢ )}p A
() A » &

ij(S)Qij*(s)

Qij(S)Qij*(S)

(2.29)

Then

P,

1j(S)Pij*(S)

(2.30)

) Ui(S)Ui*(S)
()0, ()

C..(-s?)

(2.31)
i]

According to [14],

eii(s)sii(s) (2.32)

eij(s)sij(s) (2.33)

26
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1]

must be identified.

2
eii(s)ejj(s) = Gij(s)

written as

n

k=1 k

\,‘ .":.."' » o F“P*.f.’"r'i"\ A
Y \.C‘.':\ﬂm WA 2 A A NN

0,
ii

i.¢@.,
Ui(S)
oim(S) = Qi(s)
P,.(s)
s, (s) = i)
jm Qij(s)
and

sii(S) = Bi(S)oim(S)

]
Sij(s) = [Bi(S)Bj(S)] s;

i)j = ]-a 2,

eij(S) = ci(S)cj(S)

(8) = £5(s)

Substituting (2.39) and (2.40) into (2.27)

n

=1

27

Jjm

A

(s)

n

2 :Sikbkj* = E :Cicksikéj*ck*skj* -

and

We claim that the relation between eii(s) and eij(s) is

4]

where Gii(s) and Bij(s) are arbitrary all-pass functions, pim(s) and

s,,m(s) are minimum-phase solutions of (2.26) and (2.27) respectively,

(2.35)

(2.36)

(2.37)

It is clear that Sii(s) and Sij(s) so constructed have the desired
magnitudes on the jw-axis and satisfy (2.26); i.e., ISii(jw)l2 =
I - EGij(wz). As for the other conditions in (2.27) generated by the

of f-diagonal equations of $S. =Y, the constraints on eii(s) and eij(s)

(2.38)

(2.39)

(2.40)

(2.41)




L
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x

s o
a“ <

Sl et LA

AE ¥

R

we obtain

n
E Sikskj* =0 i=1, 2, ..., n-1 (2.42)
k=1 j =1i+l, ..., n

Noce that ckck*=1. CiCj* can cancel out because they are independent

of the index k. For fixed i and j, as k varies, equation (2.27)
remains valid. Since it is valid for any i and j, we conclude that
multiplication of regular ail—paSs functions constrinted by (2.38)
does not affect the para-unitary property. These all-pass functions

only affect the phases of the scattering parameters.

2.5 Example

It is desired to equalize two series RL loads to a generator with
a parallel RC internal impedance and to achieve the second order
Butterworth transducer power gain. The specifications are shown in

Fig. 2.2 with R, =1¢, C,=1 F, R,=R,=2Q, and L,=L,=1 H.

] ] 2 =Ry 3
2
R
2
' L,
L]
ns o N
R
v 3
Ly
3'

Fig. 2.2. An Illustrative Example of a Threc-Port Network.
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Given

z (s) = — (2.43)

zz(s) = 23(5) = s+42 (2.44)

and

(2.45)

We wish to construct a scattering matrix $(s) terminated in Zys 2y,
and Z3s achieving the given Gyo and 613.
Solution: Write

k2

1+s4

2 2, _
G, (=s") = G 4(=s") = (2.46)

and G,.,, we obtain the minimum-phase solutions of

Factorizing G12 13

(2.46) as

s = s = —_=— (2.47)

We write 023(—52) in a general form

. 2 2
k23 (s“+c)
2

2y _
Gyq(-s") = (2.48)

(sa+1)(54+a's +b")

where c=-4, a' and b' are to be determined. Factorizing G23(-52),

we get

k,,(s+2)

23
s = (2.49)
23m 2 4 J2s + 1)(s®+as+b)

Observe that zl(s) has a Class I1 zero of transmission of order

29
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one at Sp= and zz(s) and 23(8) each has a Class IV zero of trans-
mission of order one at sO==w. Next, we find reflection coefficient
e, ().

The minimum phase solution of (2.26) with i=1 is

2 @l *ﬁ(%> v € [1-7/2(1-1) §+ -1 (2.50)

s = € .t
2
v Ho 1 s2 4 /2s + 1
'
-f‘ﬁ.-
e 2. Y
W where t = (1-2k“)". Introducing the all-pass function
ST 2
0 () = M= =1 - §§ :“i toees (2.51)
i i .
i
The reflection coefficient Pl is
1
p (s) =0, (s)s); (s) = ¢ {1 - [2?1i + Y2(1-t)] S+l (2.52)
Obviously, pl(s) satisfies the constraint Axi =0y (x=0) of Theorem 2.2
with €, = +1. The requirement from condition (4.iii.c)
A, -0p
q (I1) = SRR SNNNG ¥ S (2.53)
-1,11 F -
21
becomes
1-t .
1 - 6. - — >0 (2.54)
i z
" 2
i
To maximize k, set Xai==0, i.e., 811=1 and t=0, then
i
k =-ZZ (2.55)
2
) q2
" p, = - (2.56)
o ! 52 + V2 + 1
\d'
~
\:_
:; 30
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.r: |
b

9
|
>
S )

~ s

“ S, (s) = B = -0 (2.57)
: 11 ll 1 1 SZ + Vs + 1

ed
{

”

Y To compute s, (a), we apply the following formula [1]
o
,}‘

J’.
-, - - - - s = C
: T4 T3 I 1o f 13530 = Tt st T fiaf 12, f23 2 3x

¢

8, .

P~ BEREMTLLPEN (2.58)

.\‘

-.: f

N ij . -
% where Sij =4 and d is the common denominator of all Si]‘ (i,j=1,2,3) |

- .. |

- |
v Syam = €93 =3 st ; (2.59) |
L - st + V2s + D2k - V2)sT + 2(2V2 - 1)s + 4) 3
L |
\: The minimum phase solution of ‘
< |
l",
"‘ /, “
o _ 2(4 - V2)s" + s(2V2 - 1)s3 + 45’ 45 42 (2.60) i
{ “aom T %22 2 /5 5 .

. (s™ + V25 + 1)[2(4 - )s + (2V2 - 1)s + 4]

" Bv applving condition (3) ¢t Theorem 2.2 at S =%

v, %2 7 Po2 (2.61)

J;

‘-.‘ 31 = . - _ -_—

j we obtain t2;2 = +1 and DOZ = 1. Furthermore 612 = ¢23 = -1.

,

‘ Thus, the scattering matrix can be formed according to (2.32)

A nd (2.33), where Qii and eij (i,j=1,2,3) satisfv the relation

e . 2

v - = = 1

v, il j] ij

4 “

g From condition (4.iii.c¢), we must have

.~ A, =P

-~ 12 12 1

. a_y 2,)(L\’) T S (2.62)

- i 02 12

“u

.

S lLet

N

¥ n

f\u 31
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s—Bi
622 = n vy (2.63)
i i
Then (2.62) becomes
258, + V2
- 7 <1 (2.64)

Lo s . _ . _ - _
To satisfy (2.64), set iBi 0, i.e., 822 1. Similarly 833 1.
Therefore, the regular all-pass functions of the off-diagonal elements
Sij (i#j) are also determined. eij =1 (i,j=1,2,3 1i#j).

Based on the above analyses, we construct the required para-

unitary scattering matrix as

_2 2 2
2 2
iy N~ 3 2
S(s) = | V2 2(4=-v2)s +2(2v2-1)s +4s +s+2 _ s+2 (2.65]
T 2 ;= *

s+ 2541 2 2 (4=V2) 242 (2V2-1) s+4 2 (4=v2)s242 (2/2-1) s+b

Vs e . =, 4 3 2

V2 _ 542 2(4=-v2)s"+2(2V2-1)s " +45" +s+2

3 — .

2 2 (4=v2) 5242 (2/3-1) s+4 2 (4=v2) 5242 (2/2-1) s +4

The corresponding augmentation matrix Y (s) is
i a

1

N o(s) = —em— x

3

G(s™ + 2s + 1)

i

:’ 32
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Y
-

i

o,

’l

A,

] ‘
= 2(2-V7)s 42642 /7541 ~(s+1) - (s+1)

-

‘-

)

X ~(s+1) (4/2-1)s34(8-2/3)s*+(4/2- P s 41 542

v (4=V2)s2+(2/2-1) s+2 2[(4=v2)s2+(2/2-1)s+42]
Wil

%

iy /2-1)83+(8-2/2) s 2+ (4/2-3) s 41
‘o —(s+1) s+2 (4V2-1)s7+(8-2vV2)s " +(4V2-F)s+
! 2[ (4-V2)s%+(2/2-1)s+2] (4=V2) s+ (2/2-1) s+2
i

." S, ane—
‘:: Clearly, Ya(s) is analytic in the RHS and all the off-diagonal

.1 ~

"o

::- elements Yij (s) have no poles on the jw-axis. Condition (2) of

oo

a Theorem 2.2 is satisfied. Thecalculation also shows that conditions

N (4.iii.a) and (4.iii.b) are fulfilled.

’ ay,12 91,13 = °
{ ) .

& Qi "R, 70 WA =203
R
o Finally, condition (4.iii.c) can be written, in this particular
B case, as

&

i [

- -1,11 90,12 0,13

o )

- I

®*® | B s
[} - :
! bl S 2 67
s G%o,12 1 @, T N, 9,23 0 (2.67a)
'\.: :

. |

. E |
e, 99,13 | 9,23 a 99,33

, 13
w"

" — p—

¢

<
.1 or

9

L2

’
(™.

Ca
L 33
<

N

’ .
[ ]

'd

L4
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A
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'%¢ !
) A (OO
( r

- |

- ]
1 h /E
> o 1 1--Z 0 >0 (2.67b)
|
- ]
- ! /3

] 2

' - Ye
i 0 i 0 1 4
S — -
5

j: This matrix is nonnegative definite and condition (4.iii.c) is
¥,

satisfied. Thus, the scattering matrix counstructed in (2.65) is indeed

-

s

:d realizable which achieves the preassigned transducer power gain when
-l

¢

\
§\§ the 3-port network is terminated in z(s).
L
J 2.6 Proof of Theorem 2.2

: We prove Theorem 2.2 via Wohlers existence theorem and consider
b the following foulr cases:
¢
i

e Case I: zi(s) (i=1,2,...,n) have only Class I zero of

- transmission So

- Case II: ]zi(jw0)| < ® i=1,2,...,n

“ Case I1I: |z, (jw.)]| =« i=1,2,...,n
e, i 0
o Case 1V: lz Gug)| ==  2=1,2,...,k and |zp(jw0)| < e

- p=k+l, k+2, ..., n

L

7 Since the theorem is valid for both reciprocal and nonreciprocal

v

ﬁ networks, we should keep the subscripts of all entries of the matrix

distinguished. For example le and Y21 are different in general.

;. Note that for those impedances which have zeros in the close RHS,

:: they fall into case 11 where |zi(jw0)] < o, In this case all residues

;: are zero. 1
ol In case I, at a class I zero of transmission SO, constraint (2)
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is the necessary and sufficient condition for la to be analytic in
the open RHS and for the off-diagonal elements Yij (i,j=1,2,...,n
i#j) to have at most simple poles at the jw-axis normalization zeros.
Constraint (3) ensures that Yii (i=1,2,...,n) have at most simple
poles at the jw—axis normalization zeros. So the necessary and suf-
ficient conditions for the matrix S(s) to be a scattering matrix

reduce to the first three statements of the theorem since

M) = {U(s) = [z(s) = U)X, ()} z(s) + L)) (2.68)

is analytic on the jw-axis in this case.
Necessity. Suppose that $(s) is the scattering matrix of a lossless,
n-port network normalizing to n passive impedances having the pre-
assigned transducer power-gain characteristics. For a lossless network,
S(s) is para-unitary. This shows that condition (1) is necessary.
We next compute the augmentation admittance matrixlxa(s) from,g(s) and
the loads. Since ia(s) is positive real, there are at most simple
poles on the jw—axis. Condition (2) indicates that Yij(s) (i#j) have
at most simple poles on the jw-axlis while condition (3) guarantees that
Yii(s) have at most simple poles on the jw-axis. These are part of
Youla's constraints [58].

Next, we will show that condition (4) is necessary. From (2.68)

we expand

. —
[I-Yll(z]—l)](zl+l) —le(zl—l)(22+l) . —Y]n(zl—l)(zn+l)
~Y21(22—1)(21+1) [1_Y22(22_1)](22+1) cen -an(zz—l)(zn+l)
_Ynl(zn'l)(zl+l) -Ynz(zn—l)(zz+l) . [I—Ynn(zn—l)](zn+l)

W pu—
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In case II, lzi(jmo)l < « for all i. We need only show that‘xa(s)
has at most simple poles with a nonnegative residue matrix. This
requires that M(s) have at most simple poles with a nonnegative residue
matrix. Likewise, if M(s) has simple poles with a nonnegative residue
matrix then’ia(s) also has simple poles with a nonnegative residue
matrix.

Since z(s) are analytic on the jw-axis, the poles of za(s) on the
jw~axis are contributed by zeros of the real part of z(s). It is
obvious from (2.69) that the poles of ﬂ(s) on the jw-axis are contributed
by those of Xa(s). Let the residue matrix of ﬁ(s) be BM(S). We can

write

BM(juo) = diag (l—zi) ng_l(u)- diag (1+zi) i=1,2,...,n (2.70)

s
b Y N

det R, (ju) = det Q_ (u) - [l—zi(jwo)] (2.71)

[ AS

where the residue matrix of Za(s) is denoted by'g_l(u) and u refers to
either class II or I1I. On the jw-axis, zi(jwo) are pure imaginary and
l—z?(jwo) should be greater than zero. Therefore, because of non-
negative definite properties Of‘gM(ij),'g—l(u) is also nonnegative

definite at jwo.
In case III, [zi(jw0)| =w ji=1],2,...,n. The open-circuit impedance

matrixlgN(s) of n-port N can be expressed by the relation

(2.72)

Lot Em(jmo) and EZ(J“O) be the residue of ZN(S) and l;l(s) at juo. Then
T = " i -
'EN(JMO) vﬁa(J‘O) 'é—l (2.73)

- L -1
In order to have a positive real mntr1x'éN, Y " (s) must have simple
~a

A
é poles at jw” with residue not less than those of zi(s). Therefore, we
lNI'
roe
aps
o
"
v
LAy 6
LS ’
o
1

<
Xh

[urs
hY

'Y

>

|



Y
- .: must have ia(jwo) =0, i.e.,

~

3_1(IV) =80(1V) =0
Upon decomposition, we obtain
. _ . - .
det ﬁM(JwO) = det 'é—l det [»é—l EI(IV)] det ~A_1 (2.74)

The hermitian property together with the nonnegative definiteness of
Bn(jwo) implies condition (4.ii.b).

In case IV, we relabel all the impedances, if necessary, so that
[ . .
le(JuOH =wo ¢=1,2,...,k and lzp(JwO)l < o p=k+l, k+2, ..., n.

The matrix ﬂ(s) has a simple pole at jmo whose residue matrix is

k n-k k n-k k n-k
] -1 1 |
k A E 2 ,6_1_,91 E Q9 Ay ! 2
) f [ [
Ry (e )= | bommmmme— | | - I B (2.73)
i | {
i i I
nk | 0 | U-z(iwy) Q P9, 9 1 z2(uwy)+y
2l -q 1 g
I
oy o : 2 - . det | —mmmmmmm R
det Ry (jug) = (det A ) - [det _g(k_‘_l)n(JwO)+1] det i (2.76)
I
B 18

By decomposition, the nonnegative definiteness of BM(ij) assures
A
condition (4.iii.c).

-1 . . . . .
For 1'1 to have a simple pole with a nonnegative residue matrix of

a & z
‘:‘i.n‘,::);t}-’

LI AR

it is necessary that |la(j(u0){ < o, j.e.,

[
-

Ld
<

S—I,ﬁ,p =0

ey

. %
s

A

Based on the same reason as in case II1, condition (4.iii.b) requires

L Y
e

Qop gpr (TV) =90 g, (V) =0 2,2" = 1,2,...,k .
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Sufficiency. Assume that conditions of Theorem 2.2 are satisfied.

We show that conditions (1), (2) and (3b) of Theorem 2.1 are also
satisfied. Therefore, matrix g(s) is the scattering matrix of a
lumped, passive n-port normalized to the given n non-Foster,
positive-real impedances.

In case II, lzi(jmo)l < o for all i. As discussed above, we
have shown that if za(s) has simple poles with a nonnegative definite
residue matrix, M(s) also has simple poles with a nonnegative definite
residue matrix. We need only focus on'za(s), rather than Mﬁs), showing
that requirements for M(s) can be similarly imposed on la(s), i.e., if
la(s) is satisfied by a given condition, M(s) would also be satisfied.

From condition (2), Yij(s) (i,j=1,25...,n 1i#j) have simple
poles on the jw-axis. From condition (3), Yii(s) have simple poles
on the jw-axis. Also, from (2.70) the nonnegative definiteness of
BM(ij) guarantees thaé‘g_l(u) possess this property.

In case III, lzi(jwo)l =o i=1,2,...,n. Constraints (3) and

(4.ii.a) require that‘za(jw =19n‘ From (2.69), M(s) has simple

0

poles at jw, and the residue matrix becomes

0
1

BM(ij) =A-l ° [NA—]. _EI(IV)] .'é‘l (2'77)
where
Q V) = fay (V)]
and
Amil - pmii
q, L (IV) = —/—/—————— i=1,2, «¢ccy n
s 11 q .
(mi—l)l

Since z(s) is a positive real matrix, its residues a 1
-1i
are all real and positive. Therefore, condition (4.ii.b) assures that

matrix_ﬁw(s) is nonnegative definite.
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A In case IV, constraints (4.iii.a) and (4.iii.b) guarantee that
i )-\
b
I:ﬁ M(s) has simple poles on the jw-axis. By appealing to (2.76), the
\ ~
B -
(' nonnegative definite properties OE'BM(ij) are the result of constraint
.. (4 s . )
: .iii.c).
A
‘F'\-
5 , -
» 2.7 Conclusion
- ronc.:usion
; Necessary and sufficient conditions were presented for a rational
4
3 ﬁ nxn matrix S(s) to be the scattering matrix of a lossless n-port
B ) ~
N
j equalizer terminated in a set of positive-real impedances. The theorem
W
) is essentially valid for either a reciprocal or nonnreciprocal matrix.
B
. . s s .
o When the transducer power-gain characteristics are given, the method
~
~ . . . .
) introduced can be used to construct a generalized symmetric scattering
™,
® matrix such that the corresponding lossless reciprocal n-port equalizer
- achieves the preassigned transducer power-gain characteristics. A three-
~
T .
- port illustrative example was given.
\--
' It is worth noting that the design problem for a lossless reciprocal
. n-port equalizer depends heavily on, first, solving for a scattering
<
e,
?; matrix possessing a para-unitary property and then seeking a set of
L
N regular all-pass factors to satisfy the realizability conditions.
Ll
:?j By applying the multiport synthesis, the desired equalizer can be
oY
o~ realized.
K.
.; The main advantage of the proposed procedure lies in its simplicity
v L}
: in testing, since all the conditions are expressed in matrix form and in
<
.:- terms of the Laurent series coefficients.
h\‘
~
s
R ="
',
AP
DA
P..’
at
A
\J
{ .
[} .’A.
‘ »
~,
1y 39
e
"l
M
"~
[ W

W O W W o QB ™ o " a " n” T AT AT R e e 4 L L TS N . . Sy g - . A ’
PSRN AN A AN Y T Pl ) Jo! A\ 0 0
3 M R S L A LA ." 3 WG q Ral ) 2 # W s Q‘Q & l! AN !‘I AN M‘.:"‘!. .‘q"’-‘!:!“l .o. 'c.l‘o.“




B e e e b e e el e Sle e TA R T A R At Sl al etk SRl Sal Sal tal Sall v b Vb Sal ol Wl Bl tol Goh ol il Aad ¥oiy ol Yol Gol vab ool ol LB 4al ol agbh oo o |

Section 3

ON LOSSLESS RECIPROCAL AND NONRECIPROCAL
MATCHING NETWORKS OF AN ACTIVE LOAD
3.1 Introduction

Section 3 presents a general matching theory between an arbitrary
passive impedance and an active load impedance and extends the broad-
band matching theory to include both lossless reciprocal and non-
reciprocal network. Application of the result to the design of non-
reciprocal negative-resistance amplifier is given. The significance
of the present approach is that the realization of the equalizer is
accomplished by means of the driving-point synthesis based on the
Darlington theory. The result enlarges the domain of realizable
broadband matching networks.

An illustrative example is presented to show the design procedure
and the conditions under which a lossless nonreciprocal networks is
realized for an active load.

In studying the problem of broadband matching, Youla [58]
developed a theory based on the principle of complex normalization.
Chan and Kuh [6] generalized this theory to include both passive and
active one-port load impedance. Ho and Balabanian [33] developed a
technique for the synthesis of active and passive compatible impedances
when the coupling networks is not necessarily reciprocal. In 1982,
Chen and Satyanarayana [19] presented a method for realizing a lossless

reciprocal equalizer which involves only the driving-point synthesis

based on the Darlington theory. Chen and Tsai [20] then extended the

Al

ll 'r
PRI
L S ]

.
e .

above result to include the situation where the load impedance is

LI TS
LR R}

active; however, only the reciprocal coupling networks were considered.
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The present research is a direct extension and generalization
of the previous works. Necessary and sufficient conditions are given
for the existence of a lossless equalizer which, when operating
between the given passive source impedance and the active load impe-
dance, yields a preassigned transducer power-gain characteristic.
The major point of departure arises from the realizability of the
equalizer which may be a reciprocal or nonreciprocal network. Under
certain conditions, the coupling network can only be realized as a
nonreciprocal network. The use of nonreciprocal coupling networks
will not only enlarge the domain of realizable networks, but may also
lead to the simplification of their realizations. A design procedure

is described and an example is given to illustrate the approach.

3.2 Preliminary considerations

Consider th: lossless two-port network N of Fig. 3.1. The source
impedance zl(s) is assumed to be passive and the load impedance zz(s)
mav be either passive or active. The driving-point impedances looking

into the input and output ports when the output and input ports are

y(s) lossless
equaiizer
-
— [] z,(s)
i N
Vols)

pyls) pols)

Fig. 3.1. Schematic of a Lossless Two-Port Network N with a
Passive Source Impedance zl(s) and an Active Load
zz(s).
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terminated in ZZ(S) and zl(s) are denoted by le(s) and ZZZ(S)’
respectively. The symbol pl(s) is used to represent the reflection
coefficient at the input port normalizing to zl(s), and pz(s) is the
reflection coefficient at the output port with respect to zz(s).

The even part of zi(s) (i=1,2) is written as

ri(s) = Ev zi(s) = %[zi(s) + zi(-s)] = hi(s)hi(—s) (3.1)
where the factorization is to be performed so that hi(s) and hgl(—s)
are analytic in the open RHS.+ Let

H(s) = diag [hl(s), h,(s)] (3.2)
The augmentation admittance matrix Za(s) is defined as

3,00 = [V, ()] = [Z() + ()T 1,5=1,2 (3.3)
where Z(s) is the open-circuit impedance matrix of the two-port
network N and 5(5) is the reference impedance matrix

2(s) = diag [zl(s), ZZ(S)] (3.4)

Similarly, define

RZZ(S) = Ev ZZZ(S) = %[222(5) + 222(—5)] =M Z(S)MZZ(—S) (3.5)

2

where MZZ(S) and M;é(s) are analytic in the open RHS.
Denote by Ai(s) (i=1,2) the real regular ali-pass functioun defined

by the open RHS poles of Zi(_s) and by Bi(s) (i=1,2) the real regular

all-pass function defined by the open RHS zeros of ri(s)~ Thus,

hi(S)

EEY:ES'= Ai(S)Bi(S) i=1,2 (3.6)

"RHS and LHS denote the right half and the left half of the s-plane,
respectivelv.
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Sy
. . = .
::*. Fi(s) Zri(s)Ai(s) (3.7)
(O

| For a given impedance zi(s), a closed RHS zero sOi of multiplicity

| AR
@_}: ki of the function ri(s)/zi(s) is known as a zero of transmission of
‘-'__‘
A~ . : _ . - .
£ f order ki' The zeros of transmission SOi =044 + jwg; are divided into
: the following four mutual exclusive classes:

3
D4 Class I: zero if Re s,.. > 0

Ay 0i

~ i f = d z, (jus) =0
o Class II: zero if sy, = jug, an Zi(oni =
- Class III: zero if sOi = JwOi and 0 < ]zi(JwOi)| < ®
1R

- Class IV: zero if Soi = Jwpi and lzi(JwOi)l = o

e
S9N

) In this study, use will be made of the results derived by Youla [58]
,gt' and Chan and Kuh [6] which are referred to as Theorem A-1 and Theorem A-2
:;: (see Section 3.5). They are used to solve the matching problem between
o
;:i a resistive source and a passive and/or active load. By imposing various
e
P necessary constraints on the reflection coefficient pz(s), a set of
N
Q'Q sufficient conditions is obtained to guarantee that the back-end input
k" a

0

impedance 222(5) is a positive-real function. Thus it is realizable by

o

el

‘\J.

a lossless two-port network terminating in a resistor.

y
o

W

flg The solution to a two-port matching problem with an active load
o

o

::J can be described as follows: When a passive source impedance zl(s),

HN_-

® an active load impedance zz(s), and a preassigned transducer power-gain

e

K 3¢ characteristic G(wz) are given, the problem of impedance compatibility

! : arises. G(wz) is expressed in terms of the reflection coefficient

P

9. py(jw) by

b 2 2

N G =1 = [p, ()] (3.8)

prr
-+

»

By applying Chan and Kuh's coefficient constraints, a realizable output

()
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WX

43

- gy
@
Pl ]

LAY

o Tt NG TN S ] W LTS T N ) B! (A MW P 7 22’ B.° 6 (RN )T - T ) 4
o) ~ Lu J 2 '0 !t',i:" .|'.‘~, A .\'l.!:\....nlf:...':.. L) !‘Q !.. ’wL "k’:ﬁ‘:"‘:‘!‘.‘e‘i‘! -.l » !~ 9 a%h m'l !':‘!'l :"‘ D M .:':"..g.'ﬂ. !‘. :."' “

MR WS, Al



5,
". ."

”
D

-~
(]
-

};: reflection coefficient pz(s) can be ascertained, from which the driving-
A
:;} point impedanceAzzz(s) looking into the output port is determined as
',fﬁ
[
oA 22(3) + 2,(-s)
AN Z..(s) = - z.,(8) (3.9)
\ LY - 2
N 22 1 -p,(s)
vr:::r'

which is guaranteed to be positive real, while Z22(S) + zz(s) # 0 for

-'-1'0 2y

Re s > 0.

N
}z Two impedances Z22 and z1 are said to be compatible if 222(8)
-~

‘] can be realized as the input impedance of a lossless two-port network
it‘\ terminated in zl(s) as shown in Fig. 3.1. Set
) .

P\ M

>

SN
o

& tls 1 - 222(—3) MZZ(S)

Ly ¢, (s) = . — B, (8)6(s) (3.10)
® 1 1+ 222(8) MZZ( s) 1

':_:f';

e P a

A ¢1(s) can be identified as the normalized reflection coefficient at
. 7.
.'.'_\v
Ko the input port when the active load is replaced by a l-ohm resistor.
!
;,_¢ Denote by ZIO(S) the driving-point impedance at the input port with
-.’-'-,,
,:r} l-ohm termination at the output port. If and only if a real regular
;;~: all-pass function 6(s) exists such that ¢1(s) is bounded real and

o

satisfies Youla's coefficient constraints, 222(5) is compatible with

.
h )

)
¥ JS))

by

zl(s). As shown by Youla [58), the impedance ZIO(S) as computed from

vy

P s

<31
X

F, (s)
20 T T g ®

- zl(s) (3.11)

.' '."

]
.

e
L
L )
LY
-

s
L%

-

5

is positive real and is therefore realizable as the input impedance

g

of a lossless two-port terminating in a l-ohm resistor. The removal

4
..
S

¥
At

of the l-ohm resistor yields the desired two-port network. Note

\l- l. l'l-
P LSS

P

that in certain situations, ZIO(S) must be augmented [33] to ensure

>

-3 that the back-end impedance facing the l-ohm resistor is 222(5) as
LY

W '

- obtained in (3.9).
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3.3 Main result
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In this section, we consider the design of the nonreciprocal

L I

amplifier configuration of Fig. 3.2, where an ideal three-port

a

.4..
AL G YN
[

P o

circulator is used for isolation and the matching two-port network N

LA

may be either reciprocal or nonreciprocal but lossless.

5

>

W Tiiing
A e

circulator

lossless
equalizer

N

rt"! Ty %
el
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ete’a

e
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Fig. 3.2. Schematic of a Nonreciprocal Amplifier Configuration.

" Theorem 3.1: Let ZI(S) be a rational, non-Foster, positive-real

‘) function, and ZZ(S) be a rational, non-Foster, real function. Let
;*t- pz(s) and ¢l(s) be real rational functions of s. Then the functions
) defined by the relations

= e - 22(5) + 22(—5)

ZZZ(S)

7’
Fs

.

- 22(3) (3.12)

s

1 - oZ(S)

- S,
Gy a8, 08 0,
B

b SRR PN
PR SR A

FI(S)
Al(s) = 4,(s)

N

ZIO(S) = - zl(s) (3.13)

T X
AP
ASAN

v .

A

are positive-real, 222(8) + zz(s) # 0 for Re s 2 0 except degenerate

by ™

g cases, and ZIO(S) can be realized as a lossless reciprocal or non-
‘-_-;-

“u ' . . . . .

) reciprocal two-port network terminating in a l-obm resistor, the
o
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output impedance Z;z(s) of which with input terminating in zl(s) can

be made equal to 2 ) if and only if the following conditions are

2208
satisfied:

(i) 07(3) satisfies the conditions of Theorem A-2.

(ii) There exists a real regular all-pass function 6(s) such that

1 - 222(—3) . M22(S)
1+ 222(5) M22(—s)

@l(s) = Bl(s)e(s) (3.14)

is bounded real satisfying the coefficient constraints of Theorem A-1

-1
- =1 - i
where MZZ(S)MZZ( s) 4[222(3) + 222( s)] with M22(s) and MZZ(S)
being analytic in the open RHS and Al(s), Bl(s) and FI(S) are specified
by zl(s) as in (3.6) and (3.7) with hl(s) and rl(s) as defined in (3.1).

Proof. Necessity. Considered first is the general situation where

network N may be reciprocal or nonreciprocal. Since condition (i)
follows directly from Theorem A-2, we show that if the network N of
Fig. 3.1 is the desired two-port lossless network, condition (ii) is

true. Let

S(s) = [s;,()] 1,3 = 1,2 (3.15)

be the scattering matrix of N normalizing to the reference impedance

matrix

z(s) = diag [zl(s), 1] (3.16)

The effect due to the nonreciprocity can be regarded as a phase shift
represented by the multiplication by a real regular all-pass function.

This gives
521(8) = 512(5)621(5) (3.17)
where Gzl(s) is a real repular all-pass function. Based on the para-
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unitary property, we obtain the most general scattering matrix rep-

resentation as

| " 2O . "20%%) % (s)8,, (s) ~2—M22(S) 8,,(s) 1
1 + 222(5) MZB(_S) 12 21 122(3) + 1 712 !
S(s) = (3.18)
2M22(s) o (8)0. () 222(5) -1 .
Zzz(s) + 1 712 21 Z22(S) + 1
I —
where 612(3) is another real regular all-pass function.
The admittance matrix ia(S) of the augmented two-port network Na
of Fig. 3.3 can be obtained by
, T | -1 -1 _
X () =%H (s)[H(GH "(=s) - S()] H (s) = [Yija] (3.19)
giving
Ny M
2 Y 22(8) 81p(s)
~ 12,9 = - &y T s 1 (3.20)
1 ‘22
~
For YlZa(S) to be analytic in the open RHS, 612(5) must contain all
.N.
- the open RHS zeros of hl(S) to at least the same order. Note that
.-_:,:
i:: in the open RHS, zeros of h, (s), r,(s), and B,(s) coincide. Thus,
o
o 2, i
N"J{ ) ANV
ﬁbf- (ossless
o equalizer
o
xﬁ
e N
9.
'~
LS
>
’
sl Ng
-
_, Fig. 3.3. The Augmented Two-Port Network N,'
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;\,‘ it is necessary that

- o
Y,
l.‘

Er e

912(3) = Bl(s)eo(s) (3.21)

<
s 2

. N m

:x- where eo(s) is a real regular all-pass function.

r:':

e The complex normalized reflection coefficient Sll(s) is expressed

>

TN
Ny as
r )

'Nt_ Sll(s) = Bl(s)el(s) (3.22)
‘-'.-

L

T where

N

™
e
1 -2,,(-s) M, (s)
22 22 2

sy = . .23
- 6,(s) 1 + 2. (s) M. (=) 31(5)60(5)621(5) (3.23)

J"» 22 22
:"-;

o
L*ﬁ is a bounded-real function satisfying Youla's coefficient constraints.
S Comparing (3.23) with (3.14), we can choose
e

o 8(s) = 62(s)6. . (s) (3.24)
s 072l
-

{' If N is reciprccal,'g(s) is symmetric,

e

M

:::, §),(8) = 521(5) (3.25)
P or
J : 2
e 621(3) 1 (3.26)

ﬁﬂ

L)

:S Therefore, 0(s) is the perfect square of a real regular all-pass
-7 function, namely,

- 6(s) = 6%(s) (3.27)

» 0
;*ﬁ Sufficiency. Assume that conditions (i) and (ii) are satisfied.

9.

P We show that a desired two-port network N exists. By Theorem A-1
..
:fz, and Theorem A-2, ZlO(S) and 222(5) as specified in (3.13) and (3.12),

s
N-".

;;_ respectively, are positive-real functions. From these impedances,
\x;2 a two-port network is constructed as shown in Fig. 3.4. Our task is
05
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Fig. 3.4. Lossless Two-Port Network N Terminated in a
Passive Source Impedance zl(s) and a l-ohm
Load.
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to show that the output impedance 2'2'2(3) of this two-port network

.
.,
M }

'

facing the l-ohm resistor can be made equal to 222(8) by augmenting

|
.

LRt

N

on

ZIO(S)' For the constructed network, the scattering matrix is

‘.“4
oy

s expressed as in

o

e
'l"r'l
.

- hl(s) ZIO(S) - zl(—s)
1 TR 7, ¥ 2,0 3-28)

PN
(]

Ao Based on the para-unitary property, SZI(S) is obtained as
,"::
ne
o 2M. _(s)m,, (s)
R 10 11
~ 7 S,.(s) = 0.,,(s) (3.29)
Py . 21 ZlO(S) + zl(s) 21
\b
-
: where
WS
3
L% = = -
9. rl(s) Ev zl(s) m“(s)mll( s) (3.30)
"5
. i.* with mll(s) and m“(s) being analytic in the open RHS and 621 is a
1S9
-
::: real regular all-pass function. Under this factorization, all the
Kot
,;; LHS poles and zeros of rl(s) are contained in m“(s). In a similar
Ng
: l".,
. '
e ways
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RlO(s) = Ev ZlO(S) = Mlo(s)Mlo(-s) (3.31)

' 4

where MlO(S) and MIé(s) are analytic in the open RHS.

.
P.V

-

SIZ(S) can be expressed as

e

'y N % Y

XN
W NNEN)

SlZ(S) = 821(5)612(3) (3.32)

2.

where elz(s) is a real regular all-pass function. Then

’.—4-‘." -
NN
K

MIO(S) . hl(-s) . mll(s) Zlo(-s) - zl(s)

L S 2

$yp(8) =~

S

-
o

oy 4y
Ps

From (3.11), we obtain

ShS

Lo

rl(S)[l - ¢1(S)¢1(-S)]

= [Al(S) - ¢1(S)][Al(—s) - ¢1(-S)] (3.34)

RlO(S)

f P
l’
'A'-"l) - |"’

Hlﬁ%

v ]
'.‘u‘n. T
.
ay

Combining (3.31) and (3.34), MIO(S) can be factored as

- a
]
-

X,

hl(S)
Migls) = A 5) - 6, (s) 10m(s)

-

- LY

(3.35)

. - -
¥

™y

§ags

where ¢12m(s) is the minimum-phase factorization of 1 - ¢l(s)¢l(-s),

=
'I"l'

because all its poles and zeros are in the open LHS. From (3.14),

J? 4

‘?.l .l .l

it is found to be

"‘ = o
rl Y
')'.m_

gl

2M22(s)

S1om(8) = TF 2, ()

-
(
o SO RN

(3.36)

A

2@
9

h

Again, using formula (3.19) yields the (2,l)-element of za(s) as

qy
P s
N

5
[
ﬁ

b

Migslm, (s)
hl(s)[zlo(s) + Zl(s)]

<

Yo1a(8) = -

'

612(8)621(8) (3.37)

L
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Notice that MlO(s) and Z ) + zl(s) have no poles and zeros in the

108

P
A & A

open RHS and

. 4

L Vg

m, . (s)
1% 1
h () B () (3.38)
Set
612(5)621(5) = Bl(s) (3.39)

Combining (3.6), (3.7), (3.14), (3.35), (3.36) and (3.33) yields

222(5) -1

Syp(8) = Z,,(8) + 1

6(-3)612(-3) (3.40)

Denote a Hurwitz Polynomial P(s) by

P(s) = Il (s + Boi) (3.41)
i

where Boi is an arbitrary complex number and Re BOi > 0. According
to Ho and Balabanian [33], if le(s) is augmented by multiplying both
the numerator and denominator by a predetermined auxiliary polynomial
P(s), the resulting normalized reflection coefficient S;Z(s) at the

output port will be the product of SZZ(S) and a(s) where

P(-s)

a(s) = B (s) (3.42)
is a regular all-pass function.
In this case, a(s) can be chosen as
a(s) = e(s)elz(s) (3.43)

Thus, a new realization can be obtained by augmenting ZIO(S)’ and

(3.40) becomes
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S

S (s) - Zzz(s) -1
22°%) Tz (s) +1

(3.44)

which is the output reflection coefficient when the two-port network
is terminated in a l-ohm resistor.

In general, we can write

8(s) = ﬁ%i?l (3.45)
where
Rt
g(s) = M1 (s +¢,) (3.46)
i

and Ci is an arbitrary complex number, Re gi > 0, and m, is a positive
integer. If there exists an all-pass function 6(s) with all mi being
even, then either a reciprocal or nonreciprocal two-port network can
be realized. If the all-pass function 8(s) can only be found with at
least one odd m the realization is nonreciprocal.

Corollary 3.1: In Theorem 3.1, if 6(s) can be found to be a real

regular all-pass function, each of its factors being of even order,
the lossless two-port network can be realized by either a reciprocal
or nonreciprocal network; and if not, the realization can only be

nonreciprocal.

3.4 Illustrative example

It is desired to design an optimum nonreciprocal negative-
resistance amplifier of Fig. 3.2 with the tunnel diode as the load
impedance, and to achieve the third-order, low-pass Chebyshev
transducer power-gain characteristic having a 3-dB passband ripple

€ = 0.99763 with cutoff frequency w, > 0.15 rad/s, where R, = 20 @,

1
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&, L1 = 0.8 H, r = 0.5 @, Lt =0.024 H, R=1Q, and C = 1 F are shown

\ in Fig. 3.5.

- Fig. 3.5. A Lossless Two-Port Network to be Cesigned.
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TN

For the source impedance, we have

L@

zl(s) 20 + 0.8s (3.47) ‘

l#_ I\. "'l‘

rl(s) 20 (3.48)

YN
vy

Pl g
zl(s) 20 + 0.8s

=Ty

(3.49)

Al(s) Bl(s) =1 (3.50)

[
.'(',"'J ) ')‘.-'

hY

FI(S) 2r1(s)A1(s) = 40 (3.51)

T > -
4 "IN
.')") Pl 2

LIS

For the load impedance, we have

P
Ny

(3.52)

ZZ(S) = 0.5 + 0.024s +

[}

s - 1

XL L7
[
+
M

T
1]
)

(3.53)

- &
o

rz(s) = % .

-
N

E
'
w
I
—

=

Denote the zeros of ZZ(S) + 22(-3) by

e

¥
I

s_ = %jw_ = tj (3.54)

A
SN NSRS

giving

w_ =1 (3.55)
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The third-order Chebyshev polynomial is

£(s) = 4s> - 3s (3.56)

According to Chan and Kuh [6], we can choose the reflection

coefficient pz(s) having the form

K -1 (3.57)

12
loz(Jw)’ =1+

Write

pz(S) = pO(S)ol(S)pA(s) (3.59)

where po(s) is the minimum-phase solution of (3.58) and pl(s) and OA(S)

are real regular all-pass functions. Set

o]
w
NN
g |
S’
w
+
[0
N
P
elm
n
S
[
+
o]
—
I~
€l
N
e
+
1Y)
(]

0o(s) = < (3.60)

o
W
A
w
N—
(9%
+
o
N
——~
E’m
e}
N
N
+
o
—
P
E‘U’
o]
~—
+
o
o

Thus,

(3.61)
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f;; Equating (3.58) and (3.61) yields a, = 1 and

h

(3.62a)

[ AY
w
f
!
—
(]

2
2 T 2aja3

—
N
354

.

i
o
wn
o
~o
w

)

2 wc
a, - ZaOa2 —>3 (3.62b)

N

Lol
N
=~

N

(3.62¢c)

r 1 SRR

)
[
o
it
—
[«
[y]
N

-
l'l
o2 2

’;

b, =1 (3.63a)

Py

Aeh s

b2 - 2b1b = -1.5 (3.63b)

»
[
N

L)
l..‘L_"‘:

by
L s
[ 3%}
NN
NN

(3.63c)

Py
o
|
N
o
o
i
o
w
(=)
N
[
[

l6e™w

g 5
o
(%]

o

M|

« u
N
—

(3-63d)

i )
[RERE N
n' -‘ l. l' '
=2
(=)
]
—
o
o

U
[y
.

al

A
a

Since zz(s) has a pole of order one at sp = | where zz(—s) is

oy

y
it

regular, and a pole at the infinity, the following two conditions

[

Yy

must be satisfied [6]:

(" 'l.}l A ,J

o
L_s.

92(1) =0 (3.64)

and

a;

Erodar \

4

<A,

(3.65)

z
'r.d.
©
N
~~
n
p—4
w
+
8
)
I
A
0 -
+

«
v,

<y
Nt

In (3.59), Dl(s) is specified by sp = 1

5 =

s + (3.66)

r—l!r—

°1(S) =

I}
Aﬁfﬁﬁdtigqi

‘.'-
M

and pX can be written as
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L

s - A,
i

ST, (3-67)
1

SN py(s) =

-
==L

1

{ q where }‘i =05 (i=1,2) are positive real numbers. Applying (3.62) and

(3.63) yields

8 a, =b, =1 (3.68)

AR
::"l:" a = —1— (2 + 2 A, - ‘21) + b (3-69)
. w . i 2

In addition, the theoretical limitation on bandwidth derived in

ASAN

{6] gives the formula

R

gl aod

Ny SN

e
YAV
SR .
lo
—

]

= ' (3.70)

l;.
e
T
[+V]
=}
o
]
A
‘ €
(@]
v
€
~
T
[+)
=
i
—
EI,_.
+
™~
N
rt
ab]
=
—_
N
[\*]
£
'—J
Q
lb—‘

~ .

£
"

[l
~ 0
o

-

g
s

3
l. l'

or

BN
Uy
[\
1S
Q

L L. r (3.71)
(18]

w
2 & 1 - £ 1 -
w w
r r

SN
-
+

,ﬂ‘._.
P @ e
Sal G

3

22 x

which determines the range of W,

XX
rl * “‘7“\‘

} > o
k3

i ¥

5

In order to solve for aj, bj (j=0,1,2,3), wes and )‘i (i=1,2),

X 3

® estimation for ;Ai is made and iterative calculation is applied tc
4 i

SN
Ko (3.59), (3.62), (3.63), (3.64), (3.68) and (3.69). The results are

J’:{
250
e ag = 32.080112 bO = 0.250594
\ ; a; = 18.773009 bl = 0.926340
o
o 56 |
N l
o |
o |
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"y

W

. a, = 6.003834 b, = 0.593867 (3.72)
s 2 2

o ag= 1 by = 1

N
({

o A, = 5.05490 A, = 15.26533 w =0.18 (3.73)
v 1 2 c

.

;: Thus,

X

2 o (o) - L71:4677645° + 185.303508s° + 104.294496s + 32.080112

X -

n 2 171.467764s> + 18.329228s° + 5.146328s + 0.250594

"

e

s -1 s - 5.0590 s - 15.26533 (3.78)

- s+ 1 s +5.05490 s + 15.26533 .

[

“l

ol L= o (s) - 7144.490118s° + 4242.349924s> + 5342.034112s + 2494.761901
N 2 171.467764s> + 3502.593694s> + 13608.86314s> + 1519.199733s”
\A

~°,

-\‘{ 2

e - (3.75)
i ¥ 402.207455s + 19.337015 s + 1 '
{

3

a S

i: From (3.12), 222(5) is obtained as

o
\ 7889.050698s° + 4684.392941s + 1228.07667

2 z,,(s) = 5 : (3.76)
< 7164.490118s> + 4242.349924s% + 5342.034122s + 2494.760901
'::
193
>

‘. Factoring RZZ(S) as indicated in (3.5) yields

\;:
k- M,, (s) 3 2

A 2 _ -7144.490118s> + 4242.349924s% - 5342.034122s + 2494.761901
- M2059)  7144.490118s% + 4242.34992482 + 5342.034122s + 2494.761901
@
% .
b” 7889.0506985° + 4684.392941s + 1228.07667 3.77)
& 7889.050698s2 ~ 4684.392941s + 1228.07667

¢

::'. As indicated in (3.5), M22(s) is identified so that M22(S) and
N
-J 57
E..’

®

?
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\‘¢ Mzz(—s) are analytic in the RHS. That this is always possible follows
9 from RZZ(S)' The problem essentially reduces to the existence of an
Y all-pass function 6(s) having a certain property. Since M22(—s) con-
tains all the RHS poles of 222(—5) to the same order, 8(s) must be of

the form

- 7889.05069852 - 4684.392941s + 1228.07667

N 6(s)
7889.05069852 + 4684.392941s + 1228.07667

eo(s) (3.78)

s
,'"‘ x

W
¥R

Furthermore, since the impedance zl(s) has a class IV zero of trans-

A

mission of order 1 at s=«, the coefficient constraints [58] are

P )

)
R R e
>

(3.79)

A
e lr 'l ‘1
1e .

o
at
-~
o
=

and

R
f:! 5 ...1‘
>|
&7
o)

]
5ty
—
—
-~
—
—

(3.80)

{{§3rm

P
& Y

PN
Dl

where

iy
8

%)
[ 2

X
1
Yij(s) = Zij<§) (3.81)

x=0

gt
1

¢k,'&a e
ol R

denotes either Aj(s), ¢j(s), or Fj(s), and ij (j=1,2) are the

coefficients of the Laurent series expansions of Yj(s) at s=w», and
a =L, = 0.8.

Obviously, we must have

GO(S) = -1 (3.82)
Substituting (3.50), (3.76), and (3.77) into (3.14) yields

3+ 3646.700774s% + 657.641181s - 1226.685231

2

7144.490118s

7144.49011883 + 12131.40062s

¢,(s) = (3.83)

+ 10026.42706s + 3722.838571
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WA
AL

V.'-‘
10N
NN Thus, from (3.13)
o
.'o,,
(1 2 (o) 278991.8448s° + 308066.9992s> + 209721.7458s + 49923.0688 (3.86)
" S - .
N 10 8484.6998s° + 9368.7859s + 4949.5238
A .
:
S ZIO(S) is realized as a lossless two-port network terminated in a l-ohm

W

resistor. When the l-ohm resistor is replaced by the tunnel diode load,

[ 1
v 5\
»

* &
-“ l.‘

the complete netwerk is shown in Fig. 3.6.
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Fig. 3.6. An Example of a Complete Nonreciprocal Negative-Resistance Amplifier.

i

S0y
L,

To verify the above design, the impedance Zil(s) is calculated as

255 h
R

20

rJ

1.386s° + 27.4838s" + 91.26886s

0.04115s% + 0.8160s° + 2.7029s

3 40.8118s% + 31.6722s - 10.086

2 1.3458s + 0.5

'®
A

2 (o) = (3.85

a
PR

We find the reflection coefficient oi(s) at the input to be

er,

RS & B

1 -—
le(s) 20
1 lal
Z“(s)-+40

]

.\Q\'l'l

1

Di(S)

)
i,
tn’x

5 3

- 94.8708s” + 58.58825 - 20.086
3 4 13.2472s% 4 4.7562s - 0.086

+ 26.6608s" + 74.9490s

13865
1.3865° + 28.3068s% + 107.5882s

(3.86)
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giving

[p]

@ = lo}Gw |2 (3.87)

The frequency response of the transducer power gain is plotted in

Fig. 3.7.

50«

304

GAIN IN dB

204

104

LS v ¥ T 1 J 1
0 o} 02 03 o4 0S5
W VALUES

Fig. 3.7. Frequency Response of the Designed Amplifier.

3.5 Coefficient constraints

I. Youla's coefficient constraints

Youla's coefficient constraints oi(s) are stated in terms of the
coefficients of the Laurent series expansions about the zeros of

transmission s,. = 0,. + juw,, of the following functions:
0i 0i ° 2701

L]

_ z : . X
Ai(s) = Axi(s SOi) (3.88)
x=0




oo

}: in(S'SOi)x

x=0

o

X
Z Pyi (57803)

X =

Basic coefficient constraints on pi(s). For each zero of transmission
sOi of order ki of zi(s), one of the following four sets of coefficient

conditions must be satisfied, depending on the classification of S,i°

(i) Class I: Axi = pxi for x

.
r 3
S

kS

Class : AXi = 0.4 for x 0, I, 2, ..., ki-l and

W e

4

A, . -p

k.i K. i)/ = 0.
1 1

F .
(ki+1)1

A = . for x =0, 1, 2, ..., k,-2 and
x1 xi i

[A(ki—l)i - p(ki—l)i]/Fkii 0.

Class : A . =p , for x = .., k.-1 and
xi xi i

F(ki__l)i/(/\kii - pkii Za the residue of

zi(s) at the pole oni'

The importance of these constraints is summarized in the following
theorem first given by Youla [58].
Theorem A-1: Let zl(s) be a prescribed, rational, non-Foster positive-

real function and pi(s) a real, rational function of the complex variable

s. Then the function defined by

Fi(s)
L (s) = MO z,(s), i=1,2

is positive real if and only if pi(s) is a bounded-real reflection

coefficient satisfying the basic coefficient constraints.

6!

o

¥ ey Pa Y o e
e A \-..\’\'..’
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1I. Chan and Kuh's coefficient constraints

Refer again to the network of Fig. 3.1, where zz(s) is a given
lumped, non-Foster impedance which can be either passive or active.
The output current-basis complex reflection coefficient is defined

by the relation

222(5) - 22(—5)

°2(8) =z & ¥z, () (3.92)
which yields
oy e S RS G

Denote by s a zero of rz(s) and by sp a closed RHS poles of zz(s)
and 22(—5). The Laurent series expansions around 8 (Sp’ Sr’ or other

frequencies) for the following functions are given as follows:

fat]
'L

(s-si)-m+l + evee + a. + al(s~si) + e (3.96a)

zz(s) = a_m(s—si)—'m + 0

a
-m+1

". " 3
aOhy

N . \~n a -n+l _
22( s) = bﬂn(s si) + b_n+1(s si) + eee. + bO + bl(s Si) + .... (3.96b)

1@

»

PV SR A

-

]

k+1

—22(—8)/22(5) = c_k(s—si)_k + (s—si)— + ..

Lol bl TN

+
)

Cok+l

Oy

+ 4 + cl(s—si) + ..., (3.96¢)

| @

s
Y.
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-e -e+l
pz(s) = d—e(s_si) + d_e+1(S'Si) + ... + do + dI(S-Si) + .. (3-96d)

PP

A AR A,

)

. -1
222(3) = k_l(s—Jmi) + kO + e (3.96¢)

where k_l is real and positive.

Theorem A-2: Let zz(s) be a given rational impedance which may be

either active or passive but non-Foster. Then the impedance

zz(s) + 22(—5)

222(5) = 1 - pz(s)

- ZZ(S) (3.97)

is a positive-real function and 222(5) + ZZ(S) # 0 for Re s Z 0 except
for degenerate cases, where ZZZ(S) and 22(5) have common poles and
common zeros on the real-frequency axis, if and only if pz(s) satisfies

the following conditions:

la) In the open RHS, l—pz(s) is not zero except at a zero s,
of order rz(s), or possible at poles of zz(s). The latter
case will be included in condition 3. 1In the former case,

d. =c¢c, =1 (3.98a)
and if ZZ(Sr) is regular,
di =0, i=1,2, «vey r=1 (3.98b)
If s, is a pole of zz(s) of order m,

d, =c, =0, i=1,2, «.., r+m=-1 (3.98¢)

d, = ¢, i =r+m, r+m+l, ..., r+2m-1 (3.98d)

Ib) On the real-frequency axis, the function l—pz(s) may have a

first-order zero at jwo, which is neither a zero of r?(s)
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R v
‘i“ nor a pole of 22(8)‘ Then
"-‘.\
‘If\ 3.99a)
M (g = 5 - i + ot 3.
0 py(s) = 1 +dj(s = juy) ( a
o
i where d1 is real and
ﬁ:x.
e
oy Re [z, (jug)1/(=d)) > 0 (3.99b)
V) . - - 1. ;
i}&; At a zero er of rz(s) of order r, do = CO = 1; and if
‘\.
e_} z,(jw_) is regular,
= 2
NN
o d; =0, i=1,2, vuu, r-1 ~ (3.100a)
e
1ol Nalt] and
%
e
TN d # 0 (if degenerate) (3.100b)
Ao r-1
i
. If jwr is a pole of zz(s) of order m, then
i
o d; =c, =0, 1=12, ..., rim-l (3.100¢)
y"j'_'.'.
-"" and
;:i{' d. =¢,, i = r+m, r+m+l, ..., r+2m-1 (3.100d)
SN i i
": and
e
WA

gL

dr+2m—l = Copomel T k—lcr+m/a—m (if degenerate) (3.100e)

D :-\:'
:fﬁ where k_, is real and positive.
N
AN .
Y 2) On the real-frequency axis, ]pz(jw)l satisfies the
‘;:- following:
‘::i',
r lo,GGw)| > 1, if Re z,(jw) <0 (3.101a)
b lo,GGw)| 21, if Re z,(jw) 2 0 (3.101b)
- ‘
<o 3a) In the open RHS, oz(s) is analytic except at Sp’ which is a
0.
el pole of ZZ(S) of order m and is a pole of 22(-5) of order n,
.1
N
AT~ (m,n 2 0). Then
-
'.\
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di = 0, i < m~n-1 (3.102a)
and
di = C., i = m-n, m-n+l, ey W (3.102b)
where
w = 2m-n+q, if m2n, Comn 1 and Comndi - 0, i=1,2,...,9
=m-n, ifm Zn
= 2m-n-1, ifm<n
and if m=0, the second equation is not needed.
On the real-frequency axis, pz(s) is analytic. At s = jwp,

which is a pole of zz(s) and 22(-3) of order m, and if m>1,

then
d. =c., i=0,1, ..., m1 (3.103a)
i i
and
dm—l =c + k—l(l - CO)/a_m (if degenerate) (3.103b)
and if ¢y = l and c; = 0 for i =1, 2, .y q, then
di = i=20,1, 2, , m+q-1 (3.103c)
mq = Cm+q k—1C1+q/a—m (3.103d)
and if m=1, then
dO = (cOa_: + k_l)/(a_1 + k-l) (degenerate) (3.103e)
and if m=1 and c0=1, then d0 =CO =1 and
dl = a_lcl/(a_1 + k—l) (3.1031)

where k_I is real and positive.
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3.6 Conclusion

Microwave two-terminal semiconductor devices such as avalanche

o diodes, transferred electron devices, tunnel diodes, and varators are
I
v commonly found in modern communications systems. A circulator is
-
O usually used to separate the incoming signal from the amplified signal
.
s in constructing a reflection-type amplifier. For the tunnel diode
N
‘J'--';: amplifier problem, the lossless two-port network is expected to provide
_.::‘."
b’ a complete mismatch.
e In this study, the two-port broadband matching problem has been
oo
.'.'r:": generalized to include both reciprocal and nonreciprocal networks with
b '-n-'.
:~":.- an active load. The realization heavily depends on the existence of
'. a real regular all-pass function. If the all-pass function of even
oot
Voo, order does not exist, the two-port lossless network can only be
AN
':..‘-i . .
129 realized by a nonreciprocal network.
»,
™
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Section 4

REALIZABILITY OF COMPATIBLE IMPEDANCES USING
TRANSFORMERLESS LADDER TWO-PORT NETWORKS
4.1 Introduction
Section 4 studies the compatibility of two non-Foster positive-
real impedances using a lossless reciprocal transformerless ladder
two-port network. Illustrative examples are presented.
Two impedances are said to be compatible if one of them can be
- realized as the input impedance of a two-port coupling network ter-
minated in the other. The problem was first discussed by
Schoeffler [47] and then by Wohlers [54] and Ho and Balabanian {33].
Schoeffler [47] and Wohlers [54] studied the problem of compatibility
between two passive impedances, the coupling netwcrk of which is
assumed to be reciprocal. Ho and Balabanian [33] extended their
results to the case where the impedances may be either passive or
active and the coupling networks may be reciprocal or nonreciprocal.

Recently Chen and Satyanarayana [19,46] simplified Wohlers' theorem

and extended the compatibility problem to double impedance matching
by studying the compatibility between the source and load impedances
and, finally, Chen and Tsai [20] extended the problem to active load.
In this section we study the compatibility of two non-Foster
positive-real impedances using a transformerless lossless ladder
two—port network except the ideal transformers which are included

in the discussion. As is well known, the ladder structure is impor-

)

tant in that it is simple, easy to realize and has low sensitivity.

> .
LA LN

The ladder networks have been studied for several decades by many

PSP AP

authors [23,31,49}. 1In 1979, Fialkow [28] published his work on

. ] 3
o L.C-R ladders without using transformers. He gave a sufficient
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L

o

A condition on the compatibility of two non-Foster positive-real impe-
::'- dances using a lossless ladder coupling two-port network (Theorem 13
A

{ in reference 28). For the present problem Fialkow, however, did not
e

:':_-\_ elaborate any further.

-~ -

::_.: In the present report, we apply the broadband matching theory to
JEYAS

1905}

this problem by studying the compatbility of two positive-real impedances

v

“

using only transformerless LC ladder two-port networks. Illustrative

h‘-uJ
Y
SN )
Ay examples are given.
Y .
ol
"y
4.2 Realizability of LC-R ladders |
Sl For an LC-R ladder we express its driving-point immittance as the
NS
“
:?% ratio of two polynomials of their even and odd parts:
.

ml(s) + nl(s)

X(s) = mz(s) + nz(s) CERY

K-
! The rational immittance function X(s) is assumed to be of order n. Let
f:, E(sz) =m, (s)m,(s) - n,(s)n,(s) (4.2)
o 1 2 1 2 )

"

The transfer polynomials are the polynomials defined by

.'U‘,

f:;: T(s) = VE(s?) = T' (s) case A (4.3a)
\':-.
> —_—
Ca's T(s) = V-E(s?) = sT'(s) case B (4.3b)
@
7
‘.fﬁ Call the zeros of T(s) the transfer zeros. T(s) is considered to con-
- B .
N
:f{é tain m finite zeros and (n-m) zeros at infinity [28]. Write
e,
!L: ml(s) = m{(sz) nl(s) = sni(sz) (4.4a)
,'_:4 (g) _ ,(‘2) ‘) _ ] 2 4 é}b
o m,(s) =m,(s") n,(s) = snz(s ) (4.4Db)
h\.
o
GE; Fialkow [28] gave the following theorem:
) :’:
A
o

AL P
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Theorem 4.1. Let X(s) of (4.1) be the driving-point immittance of

an LC-R ladder.. Then each of the following polynomials in q==sz,
T'(q), mi(q) - R T' (@), /Rom)(q) - T'(q) case A (4.5a)

T'(q), ni(q) - R T'(q), /R né(q) - T'(q) case B (4.5b)
has nonnegative coefficients.

4.3 The compatible impedances

We study the network of Fig. 4.1. Write

mll(s) + nll(s)

28 = ) T, o) (4-6)
m,,(s) + n,,(s)
_ 12 12
Zy(s) = m,,(s) + n22(s) (4.7)
where m, ., m,. and n,., n,. are even and odd parts of the numerator and
1i 2i 1i 2i

denominator polynomials of Zi(s) (i=1,2). They are assumed to be

relatively prime. Write

ml(s) + nl(s)

22(8) = a;?gy—;—;;?gj (4.8)

S, §;

R
- -

- N - ] z (s)

+
V9
a
Z,(s) Zz(s)

Fig. 4.1. Schematic for Studying the Compatible Impcedances.
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Then
E|(s) =m  (s)my, (8) = n  (s)ny (s)
= E,(s)E, (s) (4.9)
where
E,(s) = m ,(s)my,(s) = n,(s)ny,(s) (4.10)
E,(s) = m (s)m,(s) - n (s)n,(s) (4.11)

If we augment Zl(s) by the factor (E+@) where E and § are even

and odd polynomials, then after augmentation

E (s) = [m,()m, () = n (s)n, ()IIE” - 0] (4.12)

Since m g and n.y (i=1,2) are relatively prime, none of the zeros of
(Ez-Gz] are purely imaginary [28]. Since ZZ(S) is the driving-point
impedance of an LC-R ladder one-port, its transfer zeros lie on the
real~frequency axis. Zz(s) in (4.7) is unique. The augmentation of
Zl(s) can only balance the transfer zeros of zz(s) in the open RHS for
the network. If the transfer zeros of Zl(s) contain those of zg(s) in
the open RHS, no augmentation is needed.

Theorem 4.2. Let Zl(s) and zg(s) be preassigned rational, non-
Foster positive-real impedances as shown in (4.6) and (4.8). Let

Zl(s), being an input impedance, be compatible with the terminated

impedance ZE(S) by an LC ladder two-port. Then

(l) The transfer zeros of Zl(s) contain those of ZR(S)

(2) T'()s  mp,(@) - VRT(@), Rmi(q) - T'(q) case A  (4.13a)

T'(q), ny,(q) - R T'(q), VR ny,(a) - T'(a) case B (4.13b)

i
|

. A 2 . -
have nonnegative coefficicents where q=s", R is a positive constant, and
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e M1 ™ "1
o m! n! = s“1
T 22 m n i 12
( 1 2 "™
N,
T
SR n m
= 1 M| |qes? noom q=s’
=
2
v case A (4.14a]
Ny m n
2 21 M M2 M)
N
Ry
n m n n
s ' 21 1 2 21 "
) M2 ’ n2 = s
m2 n m n
oy ' 2t
=
o n m 2 n m 2
: .::{ 2 1 q=s 2 1 q=s
e
Y 7
oo and
‘_:‘;_
ns o a
AN
«x:'_-, n m
e 21 ™2 i )| )
A m.) o= -
L 22 - - ’ 12 s
1 2 i B
e n m 2 n m 2
o 1 2 q=s 1 2 q=s
i &
4
R case B (4.14b]
m n
o 11 1 M M
f:'. n m
1 ' 1M 2 " 1
o M2 ’ "22 = 0
] m n
- ? 1 M N
.-:‘
A n m 2
. 2 1 q=s 2 ™ q=s 2
n'_'.fv
"
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::\ SRR
o
'. T'(Q) = [(m! . m', - szn' n! )%] 2 case A (4.15a)
4 22™12 127227 Yq=s .

.':r-:

- T'(q) = [s_l(n' ' - s2m' m! )%] 2 case B (4.15b)
" q 22"12 12722’ ‘q=s

N

:*: An outline of a proof of Theorem 4.2 is given in Section 4.5.

o

-

-':' 4.4 Design procedure and illustrative examples

%

"\ Given non-Foster positive-real impedances Zl(s) and zl(s), tind

f: a lossless, reciprocal transformerless ladder two-port coupling network
SN

:“ so that when it is terminated in zz(s), the driving-point impedance is
o Z1 (s).

o~
i" We proceed the design with the following steps.
Y

el
;\.‘_ Step 1. Denote Z (s) and 2 ,(s) as in (4.6) and (4.8). From (4.10)
_. find Ez(s). If it is a perfect square, case A applies. If —Ez(s) is a
.::-: perfect square, case B applies.
ho- Step 2. From (4.14a) and (4.14b) find miz and niz (i=1,2) satis-
( fying the conditions of Theorem 4.2, and find the constant R.

R

:_j Step 3. From

=" ) = m! = '

. mlz(s) mlz(s) an(S) San(S) (4.16a)
< m . (s) = m), (s) n,(s) = sn’.(s) (4.16b)
o 22 22 22 22 :

0

!.: find

S

e

r

~ m 5 (s) + n,,(s)

';_.' Z,(s) = (4.17)
_.: 2 mzz(s) + n22(s)

B

L 2 . .

P Step 4. Using ZZ(S) as the driving-point impedance, synthesize a
::: ladder two-port terminated in R. Tf R#1, an ideal transformer is

- nceded whose turns ratio is equal to VR.

¢
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We illustrate the above procedure by the following examples.

X Example 4.1. Given

F o

852 + 12s + 7
3(2s+43)

l‘ l’ ’
B

Zl(s) = (4.18)

- e RERR
‘ NN W .
ﬁ..‘l ‘&
- l"‘u

u-'ﬁ

and

»

Pl
Ay

4
s + 4

P4
By

(4.19)

A

zz(S) =

-
4

S

i~
-~

find a lossless, reciprocal, transformerless ladder coupling two-port
>

\.&e so that when zg(s) is terminated at one port, the driving-point

AW

.\'!\ impedance at another port is Zl(s).

First we compute

ATy

B, (s) = (852 + 7)9 - 7282 = 63 (4.20a)

oA
2%

e TNy e -

EJL<5) = 16 (4.20b)

s

»Ust ety
-"v"

Thus, case A applies. From (4.18) and (4.19)

L 4
h" “.“, 'l' '-'

~'I'l

2
= 8s” + 7 nll

3
I
|

—

o

0

(4.21a)

)

11

DS 'i.;.
(AP

m,, = 9 N,y = 6s (4.21b)

Ay By X,
la

Py

@

m, =4 n, =0 (4.22a)

1
—
—

¥ v
P
b 4 &
i
.-'. -

*
"‘
3
N
n
Eas
)
n
)]

(4.22Db)

2 ? 'vx l._ .

.“l‘

A

Substituting (4.21) and (4.22) in (4.l4a) yields

; L] ;I'
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%

-+ -

S
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AL

oy _ N
. A.l’,.&.i.

2y

¥ L

\ "' ]
LA A

852+7 s

- S

12s 4

20q + 28
= = — .2
m22 T3 (4.23a)

-
v LS,
_{" A

(el
l..l. ‘3" ".L

5

& &%
Pl A

4 85247

&
ls,
o

12s
e ¢! = 48 (4.23b)
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ey - 20s® +28 36 _ 248 15
v = 16 16 16 16 .
=s

égz (4.24)

From (4.13a) when

(4.25)

Slw
N

the conditions of Theorem 4.2 are satisfied. Substituting (4.23) in
(4.17) in conjunction with (4.16) gives

Zz(s) - 48s + 36 (4.26)

20s? + 15s + 28

Zz(s) in (4.26) can be realized as an LC ladder two-port as shown in
Fig. 4.2, where an ideal transformer is used to change the impedance

level.

J13 12877
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rig. 4.3. A Ladder Realization of Zz(s).
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Example 4.2. Given

and

o3 + 2452 + 125 + 16

8
Z (s) =~
L 2s4 + 683 + 532 + 8s
_ s + 0.5
zl(s) T s + 2

(4.27)

(4.28)

find an LC ladder coupling two-port so that Zl(s) is compatible with

ZZ(S)'

First compute

it

El(sz)

Thus, case B

From (4

(2452 + 16) (28 + 58%) - (8s> + 12s) (6s° + 8s)

16s2(s2 -1

"
—
t

[£2]

2
Eg(s )

applies.

.27) and (4.28), we obtain

m,, = 24s? + 16 n =8>+ 12s
my, = 254 + Ss2 ny,p s 653 + 8s
mo= 0.5 no=s

m, = 2 n, =s

Suhstituting

PR YA

R N A e te
L e L A

(4.31) and (4.32) in (4.14b) yields
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(4.30)

(4.31a)

(4.31b)

(4.32a)

(4.32b)
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633+83 2

2432+ 16 s

883+128 0.5

12 L - &2

s 653+83

2 248416 ’

s 8s3+125 ‘

22 Y

From (4.13b) when

—

(s

2
+ ;S = 2q (4.33a)
- S
8(1+q) (4.33b)
=2q + 4 (4.33c)
=8 (4.33d)
(4.34)
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:3 Fig. 4.3. A Ladder Realization of ZZ(S) with R = 1 Q.
L) _n‘
‘::: the conditions of Theorem 4.2 are satisfied. Choosing R =1 @, we
o
;.;> obtain from (4.16) and (4.17)
wake
LAy
o
- sd +4s® ¥ 25 + 4
- z,(s) = 5 (4.35)
R s” + 4s
{“ Synthesizing Zz(s) yields the network shown in Fig. 4.3. If we choose
:i: R =% Q, we can obtain a coupling network of Fig. 4.4, where an ideal
- -
- transformer is needed.
».'{\
4:-

-

"

1/s

. v, 24
- o °
2 — S oo o VN NN
e

Py

A 1/s s+2
@
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e
Y .
Kl

%]
’ 5“ Z,(s)

9.
0 Fig. 4.4. A Ladder Realization of ZZ(S) with R = 4% Q.
!t{
o

I-l
y ) 4.5 An outline of a proof of Theorem 4.2

o ki P L 9 em 3.<
f\ o

For the network of Fig. 4.1, Zz(s) is the driving-point impedance

of a lossless, reciprocal, transformerless ladder two-port network
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terminated in a l-ohm resistor at port 1:

2
N Z11%22 T %12 Y %y

= (4.36)
2 1 - z11

T
PR

f &L
- 5 5

where zij (1,j=1,2) are the open-circuit impedance parameters of N.

4

Denote
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x

n
v
!y

2
¥

>

P
4,
x

P,
= _él (1,j = 1,2) (4.37)

h
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L d

LA

where Pij (i,j=1,2) and Q are relatively prime. Since zij are odd,

o
S

Q is odd or even and P are even or odd polynomials of s. Write

‘yﬁﬁﬁﬁ'

ij

g
b S
y"..- o

(4.38)

\;;Q where mi2 and niz (i=1,2) are even and odd polynomials, and are

( relatively prime. Let

P
P

3
a

NN NSy

Il 2

E = (4.39)

myaMyg T M2M0

XN

Case A. Q in (4.37) is odd.

C

»
I

Z1y = EE; (4.40)
22

‘r:i‘l
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For R =1 Q, we obtain

-

4%
]

[}
=

Z (s) -1 z (s) - Z2,(-s)
1 - L 2 .22 22 (4.42)

Zl(s) +1 zl(s) + Zz(s) m22 + n22
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5 z, = ———— (4.43)
h 1 My, + 0y

From (4.42) and (4.43), we have

] 22 Y M2
! Zl(s) -1 m + 2z n

) 12 222
g Zl(s) + 1
"

= (4.44)
Zaf22 * M2

v My ¥ 2909

+ 1

v
“

I.

Since equation (4.44) holds for all s, it follows that

l.l‘
‘.
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]
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el
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v
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m11 + n11 zzm22 + n
m,, +n “m._ +zn (4.45)
21 21 12 222
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where m, and n, (i=1,2) are even and odd polynomials. From (4.45) and

(4.46) we have

oA
TN,

P

(4.473a)

1272

LaNS
3
#
8

L IANDN

12™5 (4.47b)

- -

' and

n (4.483)

- m21 =m,,m, + n22 1

ny + n,,m (4.48Db)

4§ From (4.47) and (4.48) we can solve for
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T ™ ™
o ™ R R
m,, = ———————, I — (4.49a)
ml HZ ml n2
™ ) nom
My M My M
Ty ™ fy My
m, = n,, = —————— (4.49b)
) ™ My, M
n2 ml n2 ml

Using Theorem 4.1 we obtain condition 2 of Theorem 4.2 for case A.

Case B. Q in (4.37) is even.

212 = %EE (4.50)
22
T = V-E (4.51)

From (4.50), T is an odd polynomial. Thus we have

Zl(s) -1 22(-s) - ZQ(S) My = Moy

= . — (4.52)
Zl(s) + 1 Zz(s) + ZQ(S) m,, + Ny
From (4.52)
2 m + +
\ 117" M2 T Mo%y
" m + n - n + m,.2 (4.53)
I 21 7 21 12 7 227y
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DO
w800y, 00420,

we obtain

11 122 T o™y (4.54a)

n11 = mlzn2 + Ny My (4.54b)
and
m21 = m22m1 + nlzn2 (4.55a)
n, = m22nl + nlzm2 (4.55b)
which can be solved to yield
o1 ™ m o My
Ty ™ n By
my, =, n, = (4.56a)
ml n2 ml n2
nl m2 n]. m,7
My M M
™ n, 0y
m, =, n,, = (4.56b)
mz nl m2 nl
i) ™ o, m

Applying Theorem 4.1 we obtain condition 2 of Theorem 4.2 for case B.

4.6 Conclusions
In this section we presented a theorem on the impedance compati-

biiity of two non-Foster positive-real impedances where the coupling
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network is an LC ladder two-port, thus solving a problem posed by
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Fialkow [28].
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A procedure for finding an LC ladder coupling network between

) 3 ] ] . I3
b, two compatible impedances and two illustrative examples were given.
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Section 5

A NEW DIPLEXER CONFIGURATION COMPOSED OF A THREE-PORT
CIRCULATOR AND TWO RECIPROCAL TWO-PORT NETWORKS

5.1 Introduction

Section 5 presents a new diplexer configuration composed of an
ideal three-port circulator and two reciprocal lossless two-port
networks. Since the circulator provides the needed isolation, it
becomes much easier to achieve the desired insertion loss at the
crossover frequency as well as the frequency shaping. We show that
the diplexer with the canonical Butterworth response can always be
realized. Only one of the two-port is needed if the required inser-
tion loss at the crossover frequency is 3 dB. The design of a
diplexer composed of a circulator and two c:inonical Butterworth

networks having low-pass and high-pass characteristics is discussed.

In this case, the problem is simplified to that of realizing two

.,

‘:’: Butterworth networks.
~.':-.
':;, The design of a diplexer separating a frequency spectrum into
e
‘.!
L \-..

two channels of signals is one of the basic problems in communica-

\J

f:j tions. The most popular configuration of a diplexer consists of a
fig; low-pass two-port network and a high-pass two-port network connected
.

fé:' either in series or in parallel, as shown by many workers [37,40,42,61}.
%R Because of the mutual interaction effect of the two-ports, the

;g transducer power-gain characteristic of a diplexer is different from

i; those of the individual two-ports. This makes the design of a

{:i diplexer very complicatgd. Recently Wang and Chen [51] presented a

i :3 design approach where the diplexer is composed of two canonical

X : Butterworth networks. Their problem is simplified to that of choosing
%
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o
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the order of the Butterworth response and the cutoff frequencies of
the component two-ports.

In this section we present a nonreciprocal diplexer contiguration

;fh; composed of an ideal three-port circulator and two reciprocal lossless
AN

Y o

A% two-port networks, terminating in the source and loads as shown in

" -
.
o A

Fig. 5.1. Since the three-port circulator provides the needed isolation,
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2 N

o Fig. 5.1. A Diplexer N Composed of an Ideal Circulator and
'\“ Two Reciprocal Lossless Two-Port Networks.
()

‘o it is much easier to obtain a desired insertion loss at the crossover

frequency as well as the frequency shaping. Having expressed the

'.; scattering parameters of the diplexer in terms of those of the compo-
-.'.“
:3:: nent networks, we show that the diplexer with canonical Butterworth
w

J:J response can always be realized. The diplexer can be simplified to
Y

). 4 that shown in Fig. 5.2 if the required response is of Butterworth type

- -
4|
»
-

X5

with 3 dB insertion loss at the crossover frequency. In this case only

s
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Fig. 5.2. The Diplexer Possesses the Butterworth Response with a
3 dB Insertion Loss at the Crossover Frequency.

‘.o
P

one of the reciprocal two-port networks is needed.

Next we discuss the diplexer composed of a circulator and two

RN AT Y

canonical Butterworth networks having low-pass and high-pass charac-

teristics. We show that the frequency response of the diplexer is

=

only slightly different from the canonical Butterworth response.
» The problem reduces to that of choosing the parameters of the two

Butterworth networks. Only one of the cutoff frequencies of the

b} : . PN . .
;} two ports needs to be adjusted to satisfy the specification of inser-
" tion loss at the edges of the pass bands. Computer programs for
<,
" obtaining the final circuit configuration, the element values and
Ved
o the frequency response curves are available.
-
e 5.2 The scattering matrix of a nonreciprocal diplexer
‘:! The general configuration of a nonreciprocal diplexer shown in
v:
j Fig. 5.1 can be viewed as an interconnection of a three-port circulator
jn Na and a reciprocal four-port network Nb’ where Nb is formed by the
C. two-port networks N8 and Na' Without loss of gencrality we assume that
)
‘
>
N
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R1 = R2 = RS =1 Q. The partitioned unit normalized scattering matrix

‘ga(s) of the ideal circulator Na can be expressed in the form [14]

'§'lla 2123 0 _i 1 0
e
2,(s) = =lo i o 1 .1
]
£91a £22a 1+ 0 0

Assume that the scattering matrices of the reciprocal two-port networks

Na and NB normalizing to the 1-Q resistance are given by

Slla SlZu
EROR (5.2)

s21a SZZa

Siig 128 |
8g(s) = (5.3)

Saig S228

The partitioned unit normalized scattering matrix of the four-port

network N, becomes

b
@
e — —
o I
> “118 O 1 S 0
N :
h\' '
‘$'1 I
. 2p Rz 0 Sl 1 © 5128
;W |
A S () = B R (5.4)
‘ S S S i
A b Razp 218 O 1 Sy 0
- E
1
0 S, |0 5500
. —
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Let the partitioned scattering matrix of the composite three-port

network N (the diplexer) normalizing to the 1-Q resistance be

- ‘
2 Y. 1t 1 S bl.;
_____ B R
SGs) = - | (5.5)
5211 S22 B3
S S i
21 Rl s, 1 sy, 514
| ol

where the subscripts 1 and 2 refer to the ports connected to the source
and the loads, respectively. The interconnection formulas which relate
the scattering matrix of the composite network N and those of the compo-

nent networks Na and Nb are given by [14]

= - Q -1 Q
81108 = 8110 ¥ 812, ~ 81163020 S11b221a (5.6)
S..(s) =S.. (. -s..s.)ts (5.7)
£12 L1228 ~ £11b20247  S12p .
-1
816 = 8,1, ~ 502811 14 (5-8)
_ - -1 .
22208) = Sop * $01p Wy~ £02.8110)  £22a8008 (5.9 ’

where U, denotes the identity matrix of order 2. Substituting (5.1)

2
and (5.4) in (5.8) yields

/ \ |
5)1g o |/ 0 0 4 ER 0 0 :
£y, (8) = - |

0 S31a) \[° 1 o oll]o 5114 1 ‘

po T ™

S)18 0 L S1he| 0 S11a S218

- - (5.10)
| 0 S210] ° AU 521a
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As is well known, the jw—axis magnitude squared of the elements of
Sql(s) represent the transducer power gains from the source to the

loads. Therefore, (5.10) can be rewritten as

Sy (s) = = (5.11)

or

S,,(s) = Slla(S)S (s) (5.12)

21 218

S31(S) (s) (5.13)

=51

The transducer power-gain characteristics of the diplexe> become
2y - L oN12 . 2 . 2
Gy tw™) = 18y, G 17 =[5 (ju)] ISZlB(Jm)f (5.14)

2
G3l(m ) = lS a(jm)lz (5.15)

21

We conclude from the above observations that the problem of
designing a nonreciprocal diplexer to satisfy the specified trans-

, .o . 2
ducer power-gain characteristics G, . («") and 631(m2) reduces to

21
that of designing two reciprocal lossless two-port networks Na and

NB having the transducer power-gain characteristics:

. . 2 . 2 (
1521(1(‘]")| = (‘31((‘U ) (5.16)
and
o (:.,l(wz)
}S Gu)|™ = - - Ty (5.17)
218 : '
IH1 1(1(‘]u])|
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From (5.12) and (5.13), the scattering parameters of Na and N_ are

found to be

S)168) = S31(8)

5.3 Butterworth response

B

(5.18)

(5.19)

Consider a diplexer formed by the connection of an ideal circula-

tor and two reciprocal two-port networks.

Assume that the diplexer

possesses the Butterworth response. The transducer power—gain charac-

teristics from the source to the loads are given by

2 2 ot
G, W) = ISil(jw)| = (5.20)
1 + (w/w')
c
) ) K.(w/wg)zn
= lg ; = -d €
G W) =[5, Gw|” = P (5.21)
J J L+ (w/w))
respectively, where i,j = 2 or 3, i#Jj. Equation (5.20) represents a

low-pass Butterworth response, where mé is the 3~dB radian bandwidth

or radian cutoff frequency and O < Ki

< 1.

Equation (5.21) is a high-

pass Butterworth response with 3-dB cutoff frequency mg and 0 < Kj < 1.

Without loss of generality we assume Ki =

Kj = 1. By appealing to the

theorem on the uniqueness of analytic continuation of a complex

variable function, we obtain for the low-pass response

90

= L (5.22)
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the minimum phase solution of which is
AN
A
N

] 1

S,,(s) = —/ = (5.23)

1A

ot
p
e where

’l

~
V) y =s/uw! (5.24)
7 - ¢
_\':‘:. s
P, and q(y) is the Butterworth polynomial. Similarly, for the high-pass
e M

\‘:\t

P response

:: ) ZZn ZZn
G, (=s) =5, (s)S,. (~s) = = - ~ (5.25)
:-:-: 3t Ak 1+ ()Rt e
'\:..

.
:,‘- the minimum phase solution of which is
4V
g
O n
._-} S, (s) = -2 (5.26)
o jl q(z)
{

J_‘-; where

oo

w.os z = S/us'c' (5.27)
_. For simplicity, throughout the remainder of the paper we let the cross-
o
'n_t:. over frequency be l. If the low-pass and high-pass responses are of

¢

I
.’\-j the same order, it is straightforward to confirm that the condition to
.,)\ obtain a symmetrical characteristic with respect to the crossover
[ -l
oS

::-. frequency is given by [51]

e ro_ YL
._ w! l/u‘C (5.28)
b &

\-PP For
Rt
R A | (5.29)
|“ . ¢ C
2
ot .

-J;', the diplexer gives a symmetrical characteristic with a 3-dB insertion

'’

’, loss in each channel at the crossover frequency.
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‘(, L4
¢
;_wh:f:‘
*:}3 Depending upon the distribution of the responses in both channels,
SO
VF{‘ two cases are considered:
{ 2. . ) 2. .
ﬁ\ Case 1. G31(w ) is a low-pass Butterworth response and Gzl(m ) is
‘:¢?f a high-pass response, i.e.
Lo
™
- 1
1) S,y (s) = —— 5.30
319 7 9 (5.30)
)‘-.\-
:}K: 20
\- [ = — 1
,‘.‘.. 821(0) q(Z) (S-Jl)
ft{ From (5.18), the scattering parameter SZla(S) of the two-port network
..'::-r
‘;:; Na is given by
o
oy
?:_:::- 2]-0. S) - '31(5) - q(y) ( '32)
\.:::.
L By appealing to the para-unitary property of the scattering matrix
! for a reciprocal lossless two-port network, we obtain
N
IR
+55 v
Pty S = .
: :fc lla(s) ) (5.33)

A

Substituting (5.31) and (5.32) in (5.19) and referring to (5.27) yield

ol S}
L,
1N the scattering parameter of S (s) of N, as
.“,‘ 218 B
o
9
ol L S
53 218 756
S la
‘R
ney
SN n
by = 2 &_(,Y_) = w'zn CLQL) (5.34)
9. y" q(z) ¢ q(z)
'"}\t"
-f:j From the above discussions, it is interesting to see that Na can
"
\
fu: be reulirad as a canonical low-pass Butterworth network. To realize
[}
‘:’f NB, we derive its scattering parameter SIIB(S) and the impedance leB(S)
N
-
.
'~'::"‘.
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looking into the input port. Applying the para-unitary property of

the scattering matrix yields

S1 B(S)SIIB(_S) =] - 8218(5)5218(-5)
w!*" a(y)at-y)
B 4(2)q(-2)
1 - w'lm 2
= ¢ 8 (5.35)
q(z)q(-2) q(Z)q( z)
where
g = (1 - wé"“)11 (5.36)

is a constant relating to the 3-dB cutoff frequency wé and n. The

minimum-phase decomposition of (5.35) is given by

B

SIIB(S) = 3@ (5.37)
The input impedance lee(s) is found to be
J (s)
o _ llB _4a(z) - B
Z1gts) = 1% S11g(®)  az) + B (5.38)

We will show that this impedance is a positive-real function.
According to the Darlington theory [22], it can be realized as
the input impedance of a passive, lossless reciprocal two-port
network terminated in a nonnegative resistor. Therefore, both
Nd and NB are realizable.

As a special case if the diplexer requires a 3-dB insertion

loss in each channel at the crossover frequency, the cutoff frequen-

cies of the networks Na and NB are related by (5.29), implying that
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(5.39)
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NS
LAV

and from (5.34)

LR
<
&

SZIB(S) =1 (5.40)
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vy e
|
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The diplexer is simplified to that shown in Fig. 5.2. Therefore, only

;,-
RAN
CAANK

one Butterworth network is needed.

#’\Jf'

Case 2. G3l(w2) is a high-pass Butterworth response and GZI(mZ)

o
P s
l‘. l..

BRSSS

is a low-pass Butterworth response, i.e.

WY
s r e

3

SBI(S) = 7(2) (5.41)

@ .

" .I '.‘ ."

(AAELAOPR

and

L
{2}
—

SZI(S) = m (5.42)

%'.I’
e
AL

From (5.18) the scattering parameter SZlu(S) of Na is given by

e
"11.',‘.' '." Y

e N )
=]

821a(s) = 531(5) = 1) (5.43)

PSSR

Like case 1, by appealing to the para-unitary property of the scattering

NN AOS

matrix, we obtain

" 5]

i
$11.8) = §@

A0

(5.44)

&

Substituting (5.42) and (5.44) in (5.19) yield

5. (s) = S51(8) _ 1 1
218 Slla(s) a(y)/ q(z)

e

Y,
; A A o

4

i
1386
-

e

- a(z) (5.45)
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!
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~
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Thus, NOl can also be realized as a canonical high-pass Butterworth

o
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4
19N}
\ii
:{; network. To realize NB, we express SUB(S) and leB(S)’ as follows:
N
\.‘:
NN
) S 5 -s) =1-58 )8, o (=
| S11g(8)816¢7%) 21587851609
o '
AN
'::': BZ 2n
" =P ¥Y (5.46)
e q(y)q(~y)
' )
ol ) ,
Oy the minimum phase solution of which is
L,
L
i
Vo By"
S11p(8) = q(v) (5.47)
"
£32N
: :"_-‘ The impedance looking into the input port is found to be
I\-I.
Y
~
Xary 1 -8
_ 1890 gy - "
218 T+, . - n (5.48)
WA 118 q(y) + By
1 [
o
'-J‘\
\i‘ We show that ZUB(S) is positive-real, so that NB is always realizable.
"
: Y If the diplexer requires a 3-dB insertion loss in each channel
‘_:‘ at the crossover frequency, we substitute (5.29) in (5.45) and obtain
s s
.
NS 3 = .
._.)_ S,16(s) = 1 (5.49)
&
'\.ﬁ The diplexer is simplified to that shown in Fig. 5.2, where Na is a
N
5
Ay
-".'; high-pass Butterworth network.
o e
;“' 3 Example: Design a symmetrical diplexer having a second-order
) \_-,
..‘_;-. canonical Butterworth response with mé = 0.7, where wé is the 3-dB
ein
s-'.'- cutoff frequency in the loss-pass channel.
L
: We assume that Na is a Butterworth low-pass network of order 2
"V
e and w(i = 0.7. From (5.33)-(5.37) we obtain the following for network
o v :
.r_\:rf NB:
R -,
¢
Y 2 20 v 4 /2
[ 1 ; oo énqly) _ o420 yT 4+ vV2y + 1
" 5218(“’) UC (Z) .A(‘ 2 (5- 50)
:'-: ’ 4t 25+ 2z + 1
-
)
2
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N
. L]
@
: where y = s/wé and
‘:-i s = ol - s (5.51
—s/mC = sw, .5
Il
;?\ 4n. ks
o B = (1 - wé Y =0.97075 (5.52)
o
Ty,
[ 2 /_
1 q(z) - B 2= +vV2z +1 - R
" 2118 9@ v 8 T 2 (3.53)
P 4 25 + 2z + 1 + 8
e
..ﬁy
U
00
'. The two-port Na is realizable as a Butterworth low-pass network, whereas
e NB can be realized by applying the technique proposed in [57]. The
\‘:.' final circuit configuration and frequency characteristics are shown in
l'f:
o Figs. 5.3 and 5.4, respectively. The insertion loss at the crossover
o frequency is found to be 5.37 dB.
-
‘-'I
N
N
.j:
R ..
¢
1
Nyt
B
® e by
<
J 10
o,
.
g
-
s . 1.7678 H
;—" Vo(s) ( A |
1 :
<
O .7678F 319
el l
et ‘ |
Na
9. .
> Fig. 5.3. The Circuit Configuration of Example 1, where N, is a Butterworth
; Network. The Parameters of the Two-Port Network NB are given as
e follows: -3
L L, = 0.6219 H, L, = 1.309x1C ~ H, M} = 0.0285 H, L, = 0.0402,
{.\-' = N = - » = s = =
‘ [‘4 0.02768 H, .12 0.0334 H, (’a 80.8F, Cb 64.28F, ng 0.01484
o
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Fig. 5.4. The Frequency Response of the Diplexer Possessing
the 2nd Butterworth Characteristic. The Insertion
Loss at the Crossover Frequency w=1 is 5.37 dB.

5.4 A diplexer composed of a circulator and the canonical Butterworth

networks
The approach mentioned in the foregoing results shows a diplexer
having the canonical Butterworth response in both channels. An example

showed that the required characteristic for N_ is different from the

B

canonical Butterworth response, and that the problem to design N_ is

B8

much more complicated except for the situation where a 3-dB insertion

loss is required at the crossover frequency.
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Fig. 5.5. An Equivalent Representation of Equations (5.18) and (5.19).

An equivalent representation of (5.18) and (5.19) is depicted in
the block diagram of Fig. 5.5, where the existence of the block Slla(s)

requires the characteristic of N, to diverge from the Butterworth

B
response. Figure 5.6 shows the plots of |821(jm)|, |S3l(jw)| and
|Slla(3w)| as functions of w where SZJ(S) and S31(s) are required to
possess the low-pass and high~pass Butterworth responses of order 4

with mé = 0.7 and mg = l/wé. We notice that the value of 20 log Islla(jw)l
is much smaller than that of the Butterworth response 20 log |821(jw)|,

so that in this channel the contribution of Slla(s) is much smaller than
that of SZIB(S)' Thus, if 5218(5) is required to possess the Butterworth
response, the overall respcnse lSZl(jm)l = |511a(j“)8213(jw)| plotted in
Fig. 5.7 is usually close to the Butterworth response especially in the

passband. The deviation becomes smaller as the order and/or the 3-dB

cutoff frequency is increased.
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From a practical viewpoint, it is desirable to choose both Na and

NB to be the Butterworth networks. The additional loss at the passband

edge may be corrected by adjusting the cutoff frequency of N_, where

B

the original required cutoff frequencies are assumed to satisfy the
symmetrical condition (5.27). To facilitate our discussion, two cases
are considered:

5
Case 1. (w”) is a low-pass Butterworth response and G21(w2)

Cq1

is a high-pass response. The transducer power-gain characteristics
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wé = 0.7 rad/s.

s 2
,Slla‘lw), B

obtained by solving the following equation

(A
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Fig. 5.7. The Frequency Response of a Diplexer, where N, and N
are Canonical Butterworth Networks of Order 4 with

2
1(w") and GZl(w2) are shown in (5.20) and (5.21), respectively. The

additional power loss corresponding to the terms Slla(jw) in

(5.54)

Now suppose that we change the cutoff frequency of N_ from w" to w" +

B c ¢

5u: to cancel the above additional loss. The required dwg can be

‘\"\;\ - \ o -\.‘\. . \

-‘-d‘
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)
.

] ENT] 2 FENY] 2 . n 2
19215GWD 1" = 1855GwD 17 = 181G | (5-35)

. 2 . . Co .
(]m)l is the transducer power-gain characteristic of N_ with

B

ij- where |S,'2IB

N the adjusted cutoff frequency wg + Gwz. The solution of (5.55) is given
.l‘\:l.

e by

e

=y 1 2 2_1'

. Wi+ sul = 5 - n (5.56)
- Yo\l + '

(> c

‘...‘-
 \}: 2, . . 2
::ﬂ Case 2. G31(w ) is a high-pass Butterworth response and GZl(w )
. is a high~pass response.

o

o In this case, the cutoff frequency wé of the low-pass network NB
v

.'; need to be adjusted. Like case 1, we obtain

-

X {;- Examples illustrating the above results are listed in Table 5.1.
ks
:f:' The circuit elements and frequency responses are plotted in Figs. 5.8

- M ”4
b )

through 5.11 by the computer program DIPLX2.

.
,t,
RNy Table 5.1. Frequency Characteristics of Diplexers of Various Orders.
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A Diplexer Configuration Composed of a Low-Pass Butterworth
Network of Order 3 with w' =0.7 rad/s and a High-Pass
Butterworth Network of the Same Order with the Adjusted
Cutoff Frequency w)=1.4272 rad/s.
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Fig. 5.8(b). The Frequency Response of a Diplexcr, where N_ is a Low-

Pass Butterworth Network of Order 3 with w&=0.7 rad/s
and Ng is a High-Pass Butterworth Network of the Same
Order with the Adjusted Cutoff Frequency wp =1.4272.
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Butterworth Network of the Same Order with the Adjusted
Cutoff Frequency w::'=1.4285 rad/s.
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::3 5.5 An outline of a proof of the positive-realness of 2118(3)
i .
‘: We show that the rational functions given (5.38) and (5.48) are
L)
{“ positive real. Thus each can be realized as the input impedance of
i#: a passive, lossless reciprocal two-port network terminated in a non-
'._‘
e . :
‘f: negative resistor.
N
i; The following theorem presents the positive-real conditions of
\
%‘ a rational function {14].
SN
R Theorem. A rational function represented in the form
Xy 2neoren
i
o
pl(s) ml(s) + nl(s)
n," f(s) = — = (5.58)
G py(s)  m,(s) + n,(s)
.:.f
o
where ms my and n;, n, are the even and odd parts of the polynomials
5: pl(s) and pz(s), respectively, is positive real if and only if the
K-~ :
B -
L:\ following three conditions are satisfied:
N
ns (i) f(s) is real when s is real.
L4
4
A
1A (ii) pl(s) + pz(s) is strictly Hurwitz.
-:\.
o (1i1) m (GwIm,(jw) - n (ju)n,(jw) > 0 for all w.
e
> Consider function (5.37) rewritten as
2
SN (
e -
Ko q(s) B _m(s) + n(s) - B
o ) 3G6) 78 " m(s) + n(s) ¥ 6 (5.59)
Ko
D
@
[/
.:; where q(s) is a Butterworth polynomial and 0 < B8 < 1. If B =1, the
-
]
': two-port network becomes a Butterworth network. The first condition
&
. |
; is clearly satisfied. Since the tested function pl(s) + pl(s) of (5.59) !
9. ‘
m'n is the same as that of the canonical Butterworth network with 8 = 1 in
0 o
P (5.59), the second condition is satisfied. Finally to test condition
L]
§‘- (iii), we compute
€
\
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m (s)my(s) = n,(s)n,(s) = nZ(s) - nl(s) ~ g2 (5.60)

N

(7
)

S &

For Butterworth network with B =1 in (5.60), condition (iii) is satis-

9
3

fied. Thus, the function Z (s) is positive real.

".‘
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We now consider the function ZIIB(S) (5.48) rewritten as

; It
Ko

)

q(s) - By" _ m(s) + n(s) - By" (5.61)

Z (s) =
118 q(s) + By" m(s) + n(s) + gy"

s

LS E
4"-{: a

i Conditions (i) and (ii) are clearly satisfied. We next compute

N )

| "

-.:-. v, (s)mz(s) - nl(s)nz(s) = mz(s) - nz(s) + (By™) (5.62)

S

AN

™

;" The plus sign corresponds to n odd and the minus to n even. Since

_.P: condition (i1iii) is satisfied for Butterworth network with B = 1.

! .:";
Fd

¥ :.- The function leB(S) of (5.61) satisfies the third condition. Thus

) \-:

R it is positive real.

Lo

I~ 5.6 Conclusion

.r":'

ol .’

‘_'."s-': In this section, we presented a new diplexer configuration com-
-

’ L]

posed of an ideal three-port circulator and two reciprocal lossless

b

,\'F.
:.f. two-port networks. Having expressed the scattering parameters of a
lfi

o , ,

"'.u, diplexer in terms of those of the component networks, we considered

¥

0,

the design of a diplexer having Butterworth response. The diplexer

\h

:-.-: having canonical Butterworth response is always realizable. In this
\',:*

Nt

AN case, only one of the two-port networks is needed if the insertion
oy
fad

9. loss at the crossover frequency is 3-dB. In the case where both
"

s':‘-; two-ports possess the canonical Butterworth response, the final
Ko

- response of the diplexer is slightly deviated from the canonical

ve

& Butterworth characteristic. To keep the bandwidth or the insertion

Ll
.;f‘

\|

o
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loss specification at the passband edge, slight adjustment of the cut-

off frequency of N, is necessary. The final response is very close to

B8
the canonical Butterworth characteristic.

The approach presented here can be extended to the design of a
diplexer having other types of responses, such as the Chebyshev or
elliptic response. The above configuration can also be extended to

the design of a multiplexer where an n-port circulator is used instead

of a three-port circulator.
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Section 6

A MULTIPLEXER CONFIGURATION COMPOSED OF A

MULTI-PORT CIRCULATOR AND RECIPROCAL TWO-PORT NETWORKS
6.1 Introduction

Section 6 presents a nonreciprocal multiplexer configuration com-
posed of an ideal multi-port circulator and a number of reciprocal
two-port networks. Fundamental formulas which relate the scattering
parameters of the multiplexer to those of the reciprocal two-port
networks are derived. A multi-port circulator can always be realized
as an interconnection of the three-p&rt circulators. Design procedure
for the proposed nonreciprocal multiplexer is given. A computer pro-
gram MUPLX is available for computing the circuit element values as
well as the final frequency response.

The design of a multiplexer separating a frequency spectrum into
the individual channels of signals is one of the basic problems in
communications. The most popular configuration of a multiplexer con-
sists of the reciprocal two-port networks connected either in series
or in parallel, as shown by many workers [37, 40, 42, 51, 61].

Recently Wang and Chen [52] presented a nonreciprocal diplexer
configuration composed of an ideal three-port circulator and two
reciprocal lossless two-port networks, terminating in the source and
two loads. The configuration permits the specification of the inser-
tion loss at the crossover frequency as well as the frequency shaping.

In section 6 we extend the above diplexer to an N-channel non-
recciprocal multiplexer composed of an ideal (N+4l)-port circulator and
N reciprocal lossless two-port bandpass networks, terminating in the
source and loads as shown in Fig. 6.l. Havi.y capresscd the scattering

parameters of the multiplexer in terms of those of the component
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>t networks, we derive formulas which relate the scattering parameters of

)

the multiplexer to those of the reciprocal two-port networks.

l."‘. b 'n .-

Another important problem is the realization of a multi-port

n
-\.;_-
-~ circulator. An arbitrary multi-port circulator can be realized as
0. »
an interconnection of the three-port circulators. Design procedure for

N

e the proposed nonreciprocal multiplexer and illustrative examples will
:;t:

> be discussed in paragraph 6.4.
'4 N

!:": 6.2 The scattering matrix of a nonreciprocal multiplexer

>

Y

v . . . .

,Q As an extension of a three-port circulator, the multi-port circulator

g

N

W, . , . , . .

) is defined by the unit normalized scattering matrix
'
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where n is the number of the porte, and'yn_1 denotes the identity matrix
of order n-1.

The general configuration of a nonreciprocal multiplexer shown in
Fig. 6.1 can be viewed as an interconnection of a multi-port circulator
Na and a reciprocal multi-port network Nb, where Nb is formed by the
two-port networks. Without loss of generality we assume that the source
resistance and the load reistances are 1 Q. The unit-normalized

scattering matrix (6.1) can be repartitioned in the form

o ) 1 0....0 0
i
S P
0o 0 1 ....0 0
]
§11a 212a R .. . .
. § . . . . .
- - . | B . . . «
8,(s) = S : .- . (6.2)
i
]
5514 5524 0 ! 0 0.... 0 1
]
i
1 | o0 0 ....0 0
bt mp

where the port connecting to the source is numbered as port 1.
Consider a general N channel multiplexer of Fig. 6.1, where the

multi-port circulator possesses N+l ports. Assume that the scattering

ig‘ ) matrices of the reciprocal two-port networks N(l)’ N(z), ooy N(N)

ol normalized to 1-Q resistance are given by

v

-

% S11(1) S12(1)

o - i =

Y é(i)(s) , i 1, 2, ..., N. (6.3)
521 (s) S22(1)

s i1l




. The partitioned unit-normalized scattering matrix of the 2N-port

o reciprocal network Nb becomes
[
Sie Rz
WO 3p(s) =

W 221b 222b
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Let the partitioned scattering matrix of the composite (N+l)-port

l‘_.
&

network N (the N-channel multiplexer) normalizing to the 1-Q resistance be

o
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P4
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(6.5)
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ke The interconnection formulas which relate the scattering matrix of the
}: composite (N+l)-port network N and those of the component networks

[) "
7

Na and N, are given by [l4]

f\.“
s »
bt 8110 =811, * 21220 T S11b¥22)  R11bRela (6.6)
A2
"y
X -1
V) 21208 =810 ¥ WUy 7 Ridony)  Sinp (6.7)
D
8 _l
v - - 6.
- $2109) = 851, W ~ 22221 221a (6-8)
-2 S..(s) =S... +S. (U -S.5 )ls s (6.9)
L 222 222b T 221N T 222221107 R22aR12b
: :‘ where HN denotes the identity matrix of order N. Substituting (6.2)
Ay
ﬁu and (6.4) in (6.8) yields
\
|¢”
. pt — r—- —
s S)) 52108 0 ceee O
=5 53 0 S21(N-1) 0
85,08 = | . =
z .
> .
fﬁ“ SN+1.1 0 0 o 521(1)
-':: s - — p—
25
- r — P
3 0 1 0 0 0 Sy O
i
% 0 0 1 0 0 0 S 11 (N-1)
e i . .
K~ : :
.\.-
L3 0 0 0 0 0 0 0
.'h t— d .
- - ar
L)
e 0 Saaqy O e 0 S11v-1)511 (N-2)
@ 0 0 S 0
L -
P 21(n=1) S1iv-2)511(v-1)
::: . = .
N 0
0 0 Srrnt Sy
L
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o~
-5
L~
&Y
@
E _ —
o SarmSite-nSiie-2) o S
I
J. S-S -1 N-3) ... S
E> +
o = ' (6.10)
o
> S212)511 (1)
.',
' S
‘r:.. 21(1) _J
).t Sa——
> o
-
v To avoid the confusion in subscripts, we renumber the elements of
__\ §21(s) as follows:
_"\
- — - r -
=S S S
-~ 21 21IM(N)
'.-
2 %31 S21M(N-1)
E.
e Sy,(8) =} =1 : (6.11)
4
{ Sy1 S21M(2)
o SNt 1 S21M(1)
':.: - — ha— -
2 where M stands for multiplexer and the numbers in the parentheses cor-
Bt
:ﬁ responding to the numberings of the reciprocal two-port networks. Thus
N
, (6.10) can be rewritten as
"
¢ s n
-t S S S S ese S S
", 2IM(N) 21(N)T11(N=1)"11(N=-2) 11(2)711(1)
L S2IM(N-1) Sa-nSie-0%ie-3) T S
@. 8y, (8) = . =] ... (6.12)
i 2 .
ﬁi'
o
~ S21M(2) S212)%11 (1)
N
N
A

S S
21M(1) 21(1)
L ._1 . -
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The scattering parameter S is obtained as

2IM(1)

Somciy T Sa1SG-nSia-2) Sy

i-1
S,1(1) 1'=1 511 i=1,2,...,N (6.13)

The transducer power-gain characteristics of the multiplexer become

i-1

2 . 12 g2 . 2
Caneeay @) = 18200y G 17 = 1851y G017+ 18y o GuI1™ - (6-10)

To obtain the required transducer power—-gain characteristics, we calculate

the scattering parameters SZl(i) of N(i)’ i=},2,...,N. From (6.13) and

(6.4) they are found to be

S .\ (8)
_ 21M (i) .
Sy = I , i=1,2,...,N (6.15)

I
k=1

S11q) 8

Thus we reduce the problem of designing a nonreciprocal multiplexer to

satisfy the specified transducer power-gain characteristics GZIM(i)(mz)’

i=1,2,...,N, to that of designing the reciprocal two-port networks

N(i)' i=1,2,...,N.

6.3 Realization of a multi-port circulator

In this section we show that an arbitrary multi-port circulator
can be realized as an interconnection of the three-port circulators.
Figures 6.2 and 6.3 are the examples of four-port and five-port

circulators composed of two three-port circulators and three three-port

circulators, respectively. The unit normalized scattering matrices
115
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L
:.-_' of the composite multi-port circulators can be obtained by means of
K~
: the formulas (6.6)-(6.9). For the circulator networks, these formulas
-
YT reduce to
( \
~TA
NI S,; =0 (6.16)
E) ~11 =~
b =
2 212 = 21242121 (6-17
. ’
\
e 221 T 22162214 (6.18)
A%
o = + .
0 £22 = 221 T 21020248100 (6.19)
AN
A Now consider the network shown in Fig. 6.2. The partitioned
. :
"'::‘_': scattering matrices of the three-port circulator Na and the five-port
4
.
::: network N_ are given by
~ . b
NS
R o 1 o0
!51: ___+ __________
.){:g '\S'a =10 i 0 1 (6.20)
3 . i
'\‘ 1 0 0

-y,

N ﬂ;— 0 1 1 0 0
:
:.-::. 0 0o | 0 1 0
S e S
D S, =t ot 0o o o (6.21)
-{“ ‘
-, i
. ., 0 0 | 0 0] 1
:’» |
el 0 11 0o o 0
-
::\:’." — | h—
@
Ny . X
i respectively.  The unit-normalized scattering matrix of the resulting
A
::I C network can be readily obtained by using (6.16)-(6.19):
\ !
.'-‘{ r—— _—
',. 0 1 0 0
0! U
e 0 0 1 0 = 4____3
-;..j‘_ S = = 1 (6.22)
_:::: 0 0 0 1 I :' 1)
?'! 1 0 0 0
A —~ -
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which is the scattering matrix of a four-port circulator.
To obtain the scattering matrix of Fig. 6.3, we use the partitioned

scattering matrix of the six-port network N, which is found to be

b
0 0o ! 1 0 0 ;?
]
|
0 o ! o 0 1 0
_________ .!,______._______..________
0 o ! o 1 0 0
|
. 1 -
2 T |1 o ! o 0 0 0 (6.23)
{
|
0 o ! o0 0 0 1
i
0 1 o0 0 0 0
| —

By (6.16)-(6.19), the scattering matrix of the five-port circulator

of Fig. 6.3 1s obtained as

n -]
0 1 0 0 0
ORI
C 0 1 0 0 1 ___f
s = =T (6.24)
0 0 0 1 0 !
1 log
0 0 0 0 1
1 0 0 0 0

We now interpret the above results from the power transmission
characteristics of the circulator. As is well known, in a three-port
circulator the wave entering port 1 is transmitted to port 3. The
vave entering port 3 is transmitted to port 2, and the wave entering
rort 2 is transmitted to port 1. This is represented schematically
av o the arrows in Figs. 6.2 and 6.3, respectively. Their scattering
matrices (6.22) and (6.24) are determined from the power transmission
requirements of Figs. 6.2 and 6.3. The above results can be extended

' the interconnection of the multi-port circulators. Figure 6.4 is

an illustrative example in which the interconnection of two three-port
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Fig. 6.4.

circulators and a four-port circulator results in a six-port circulator

with the following unit-normalized scattering matrix:

1
Q1 Y
——be
s = | (6.25)
i
]

t.4 Design procedure and illustrative examples

The approach mentioned in [52] for designing a diplexer can be

ised for the design of a multiplexer. However in the present case,

111 the reciprocal two-port networks are bandpass filters and the

vircuit structure is more complicated than that of the diplexer.
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Fig. 6.5. An Equivalent Representation of Equation (6.13).

2

An equivalent representation of (6.13) is depicted in the block

1;iﬁ

diagram of Fig. 6.5, where the existence of the block Sl‘(i)(S)’

x
"' l.'

i=1,24.4.,(N-1), causes the channel characteristics to deviate from

IR
F>
)
-

those of the corresponding two-port networks. As an example, we con-

sider a four-channel multiplexer where the four reciprocal two-port

.’£;: networks are Butterworth bandpass filters of order of 4. The plots of
2D L2 . o

o |521M(i)(3w)l , i=1,2,3,4, as a function of w are shown in Fig. 6.6
b 2 3 2 ,
S and the plots of |S (Gw)|“ and T |S (jw) | are presented in
)~ 21(4) k=1 li(k)
\5 - i—
{ jﬂ Fig. 6.7. We notice that the value of T[] ]S (jw)]2 is much
Joae k=1 Il(k)

:!¢ smaller than that of |821(i)(jw)l2 in the passband of channel i, so
:15 that in the passband of channel i the contributions of lsll(k)(jw)lz,
W,
\
45& k < i is much smaller than that of [S . (iw)lz. Since the attenuation
Pt 21 (i) >

’2; of the low-pass prototype filter yields an asymptotic slope of 6n dB/
)-','~:

i?' octave for either the Butterworth or the Chebyshev response, the con-
;;;- tributions of lSll(k)(jw)|2, k < i-1, may be ignored when channel k is
L
n X not adjacent to channel i. Equations (6.13) and (6.14) may be simplificd
)
..I
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Sam(1) T S21¢1)%11i-1) (6.26)

2y o 12 2
Coimeiy @) = 5521(1)(3w>l 1511 (1-1y (39| (6.27)

We illustrate the above procedure by the following numerical
examples:

Example 6.1. We wish to design a four-channel multiplexer having
4th-order Butterworth response. The 3-dB edge frequencies for the

channels are

Channetl 1 wyy = 1.01, wyy = 1.09;
Chennel 2 Wy = 1.11, Wyy = 1.19;
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"\'."*: 13 23 i
Ko,
.‘_3.\ Channel 4 Wiy = 1.31, Woy = 1.39.
Kn e
) Suppose that we choose the canonical Butterworth networks to be the
e
"} two-ports. Following the above procedure, we obtain the circuit and
7
',.:::». the element values shown in Fig. 6.8. The frequency response is
WOV
- presented in Fig. 6.6. The losses at the edge frequencies are given
T
\'.
& by
o
o G (w2)) = 3.01 dB G (w2)) = 3.01 dB;
L 21M(1) “11 : ' 21mM(1) *¥217 T ’
5 G (2)-3197dB G (w2)=301dB'
oY 21M(2) 117 T ’ 21M(2) *¥22 : ;
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:% 122
¢ 1
0:.'
o
L.arel
i
Al

hY

AN



B ol ol lh et - -l - e aORE AR A T A TR TR T T T o
m*rwv-v'w-v-w"—'u-v-m’vv'w TN TORTOUTOY O U TN T O TR O -ESUEeTe eTee .

{ .
23,
0.026 { -]-957 '
0.062 “Ij\
N(4)
957 0012 231 00303
L
23
0.0303 9.57 1
0.0
, ® 72
® Ni3)
. ® N, ® 957 0085 23 o.{oss
pAS ® \
23

0.036 9.57 1

o)
,g"}.

0.08%

Ni2)
9.57 0.102% 230 0.043

x_
‘j"E5ﬂfl
N
g@
o
S TN
m'
o
v
~
AAA
AA A

0.043
,.\'f:- N(l)
LA
E::.\ Fig. 6.8. A Four-Channel Multiplexer having Fourth-Order Butterworth respcusec.
>
L&
R
H 2 2
s GZIM(3) (w13) = 3.195 dB, G21M(3) (w23) = 3.01 dB;
INTA
(A 2 2
\): G21M(4)(w14) = 3.194 dB, GZIM(&)(w24) = 3.01 dB.
Nt
)
) The insertion losses at the crossover frequencies are about 11 dB.
W
' -.l"j Example 6.2. Repeat the problem considered in Example 6.1 with
- "\-J
.
'r'i: the 5S5th-order Butterworth response, using the canonical Butterworth
n
e
" 3 two-port networks. The final circuit and all the element values are
N
j.;f' shown in Fig. 6.9. The losses at the edge frequencies are given by
o
w
N
i;k‘ G (w? ) = 3.01 dB G (w2) = 3.01 dB;
'S 21M(1) "1l ’ 21M(1) **21 ’
'0"
s e w?) = 3.09 dB c (W) = 3.01 dB;
. 21M(2) 712 > 21IM(2) 722 ?
o G (w®.) = 3.09 dB G (W) = 3.01 dB;
o 21M(3) **13 : ’ 21M(3) W23/ T 7 ’
N 2 2
'_} G’_)IM(A)(wla) = 3.09 dB, 621M(4)(“’24) = 3.01 dB.
h:’
D \.'

123




E_'WW'M'! La‘e o a ats gud atd skl obi add' ol oh U ol v LB Ao dhat iaadh B Jin\ e el T EAUTETY FRALR AL FLVFLELY U NI T Wi el wliwl vl W’ et e |t e DT TR T T e
‘.h
] 0.2023 03164 0.202> o{zm
v
00773 0.23 I &
0.7104 oorrs 3!
0.1829 0.7104 IT W
: Nia)
: 0.2023 0.3164 0.2023 03164
" (
\ N
00773 0.2% 3
0.829 007173 i: 1
1 @ 0.258 0.829
® N, Nia) '
+ 0) 0.2023 0.374 0.2023 0.374
\/i (s) @ ( -
0.0773 0.2% p
0.98 0.0773 :;1
0.3028 0.98
Niz) ‘
0.2023 0.449 0.2023 0.449
[ -
\
0.0773 0.23 >
1176 00773 5; 1
0.363% 1i76

Nu)

Fig. 6.9. A Four-Channel Multiplexer having Fifth-Order Butterworth Response.

The frequency response is presented in Fig. 6.10. The insertion losses

at the crossover frequencies are about 13 dB.

v 8w

»
-
(=
L)

v
L

6.5 Conclusion

&

In this section we presented a nonreciprocal multiplexer configuration

Y
-.

L[4
t
NN

composed of an ideal multi-port circulator and a number of reciprocal

vl
o,

lossless two-port networks, terminating in the source and loads. Having
expressed the scattering parameters of the multiplexer in terms of those
of the component networks, we reduce the problem of designing a multiplexer
to that of recalizing the reciprocal two-port networks.

We also showed that a multi-port circulator can always be realized
as an interconnection of three-port circulators. Design procedure for

1 nonreciprocal multiplexer and illustrative examples were given.
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Section 7

THE DESIGN OF A SYMMETRICAL DIPLEXER COMPOSED OF
CANONICAL BUTTERWORTH TWO-PORT NETWORKS

7.1 Introduction

Section 7 presents a new approach to the design of a diplexer
having given insertion loss at the crossover frequency. The diplexer
consists of a low-pass two-port network and a high-pass two-port
network connecting either in series or in parallel. Having expressed
the transducer power gain of the diplexer in terms of the Butterworth
polynomials, we show that the cut-off frequencies of the low-pass and
high-pass networks must be symmetrical with respect to the crossover
frequency in order to obtain a diplexer with symmetrical characteristic.
The problem of designing a symmetricai diplexer is simplified to that
of choosing the order of the Butterworth response and the cut-off
frequency for the individual two-ports. A computer program DIPLX is
available for computing the circuit elements as well as the final

frequency response.

L] ]

<o~
Y
A\
[ X

Z,(she N, 311

3] 1 |

Fig. 7.1(a). The Series Configuration of a Diplexer.
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Fig. 7.1(b). The Parallel Configuration of a Diplexer.

The design of a diplexer separating a frequency spectrum into
two channels of signals is one of the basic problems in communications.
Figure 7.1 shows the most popular configuration of a diplexer composed
of a low-pass two-port network and a high-pass two-port network con-
nected either in series (Fig. 7.la) or in parallel (Fig. 7.1b).

Because of the mutual interaction effect of the two two-ports,
the transducer power—gain characteristic of a diplexer is different
from the responses of the individual two-ports. The complexity of the
interaction effect makes the aesign of a diplexer very complicated.
Early design of a contiguous low-pass and high-pass diplexer gives
only 3-dB insertion loss in each channel at the crossover frequency
[40}. To obtain a sharper separation, other design approaches have
been presented [37,42]. Recently Zhu and Chen [61] presented an
analvtic approach to obtain a given insertion loss which may be
greater than 3-dB at the crossover frequency. The coefficients of
the driving-point impedances of both two-ports can be determined by

solving a number of nonlinear equations. Then the two-ports can be

realized by the traditional approach. However, this approach requires
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a sufficient knowledge in network theory, and the formulation and
solution of simultaneous algebraic equations.

In this section, we study the design of a diplexer composed of
two canonical Butterworth two-port networks having low-pass and high-
pass characteristics. The problem can be simplified to that of
choosing the order of the Butterworth response and determining the
cut-cff frequencies of the Butterworth two-port networks. To simplify
our discussion, we assume that the characteristic of the diplexer is
symmetrical with respect to the crossover frequency. This means that
the order of the two-port networks must be the same. In paragraph
7.2, the transducer power gains of the diplexer will be expressed in
terms of the Butterworth polynomials. To obtain a symmetrical charac-
teristic, the cut-off frequency wé of the low~pass two-port network
and that wg of the high-pass two-port network should be chosen sym-
metrically with respect to the crossover frequency. Illustrative
examples are presented in paragraph 7.3. Computer programs for
obtaining the final network configuration, its element values, and

the frequency response curve of its transducer power gain are available.

7.2 Transducer power-gain characteristics of a symmetrical diplexer

Consider a symmetrical diplexer formed by the connection of the

g

A

lossless reciprocal two-port networks having low-pass and high-pass

is

Butterworth characteristics. Assume that the low-pass two-port N1

RPN

»

described by its unit-normalized scattering parameters S;j(s) (i,j=1,2)

and possesses the nth-order Butterworth transduccr power-gain

characteristic

" P '
o (W) = 51, G 14 = K (7.1)
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where wé is the 3-dB radian bandwidth or radian cut-off frequency,

and 0 < k' < 1. Without loss of generality we assume “' =1. Appealing
to the theorem on the uniqueness of analytic continuation of a complex
variable function gives [l4]

1 ) 1

L+ (_1)ny2ﬁ T a(y)q(-y)

' __,2 _ ' ' - -
G ' (-s7) = 512(8)312( s) = (7.2)
where y = s/wé and q(s) is the Butterworth polynomial. Applying
the para-unitary property of the scattering matrix of a lossless

reciprocal two-port, which states that

n 2n

' Vomey = 1 - oto2y o D)y
511(5)811( s) =1 G'(-s7) a(Nal=y) (7.3)

we find the minimum-phase reflection coefficient to be

n
' -+ 2
Sll(s) =t I (7.4)

The impedance looking into the input port is given by [l4]

TSP gy 4y
TS gy 1"

I+
I~

Zl(s) = (7.5)
the * signs being determined in accordance with the circuit structures.
The choice of a plus sign in (7.4) corresponds to the circuit structure
shown in Fig. 7.2(b) which fits the diplexer of Fig. 7.1(b), and the
choice of a minus sign to the structure of Fig. 7.2(a) which suits the
need of Fig. 7.1(a).

Assume that the high-pass two-port N_ is characterized by its

2
scattering parameters SIj(S) (i,j=1,2) and possesses the nth-order

Butterworth transducer power-gain characteristic

129




Tk

l.. ;l‘ LS
DL O

(-

i)
oy
l‘.l‘l

o
¥

PRI Y 2% I
N W, o

A o s R O P A A A I AT
LA RGN SRl dnon

AAA
A A A

Q

@

. i

LT
b

Fig. 7.2. Two Low-Pass LC Ladders Terminated in a Resistor.

k"(w/w;)zn

") = sy, Gw |2 = (7.6)

1 + (u/m'c')zn

where m'c' is the 3-dB cut-off frequency, 0 < k" < 1 and we again assume

By appealing to the theorem on uniqueness of analytic continuation
of a complex variable function and the para-unitary property of the
scattering matrix, we obtain

n_2n n_2n

"we_ 2 - g" "o - (—1) z = (_1) Z
C(=s7) = 57, (8IS, (=s) L+ (cnynp2n a2 7.7

1

" t . - . "e o 2 - —— .
§71(s)8Y (=) = 1 - G"(~s") OIS (7.8)
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Fig. 7.3. Two High-Pass LC Ladders Terminated in a Resistor.

where z = S/wg' The minimum-phase reflection ccefficient is found

to be

" S
Sll(s) = % 1@ (7.9)
The impedance looking into the input port becomes
A RO I TE ‘

The choice of a plus sign in (7.9) corresponds to the circuit structure
thown in Fig. 7.3(b) which fits to the diplexer of Fig. 7.1(b), and the
minus sign to the structure of Fig. 7.3(a) which suits the diplexer of
Fig. 7.1(a)

We now derive expressions relating the scattering parameters Si'(s)
(i,j=1,2,3) of the three-port diplexer shown in Fig. 7.1 in terms of
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the Butterworth polynomials q(y) and q(z), so that the parameters of
the individual two-ports may be determined according to the given
specifications of the three-port diplexer at the crossover frequency
or in the passband or both. For simplicity, throughout the remainder
of this section, let the crossover frequency be 1.

In Fig. 7.1(a), the reflection coefficients Sii(s) (i=1,2,3)
normalized to the reference impedances 1, ZI(S) and Zz(s) at the ports

11', 22' and 33' can be related to Zl(s) and Zz(s) by [14]

Zl(s) + Zz(s) -1

-2 §,..(s) = (7.11)
¥ 11 Z,(s) +2,(s) + 1
P.'._\l
o
o
J!“ hl(s) ZZ(S) - Zl(—s) + 1
O Sp2(8) = h, (-s) ) Zy(s) + Z,(s) + 1 (712
(-
k
hz(s) Zl(s) - Zz(—s) + 1
S33(s) = hy () Z,(5) ¥ Z,(5) + 1 (7.13)
where
h,(s)h; (=s) = %[Z,(s) + Z,(~s)], i=1,2 (7.14)

and the factorization is to be performed, so that hi(s) and h;l(—s)

are analytic in the open right-half of the s-plane. We recognize

s
A

¢ 4

2

eI

that hi(s)/hi(—s) is a real regular all-pass function.

Since the diplexer is assumed to be lossless and reciprocal, its

"l

> . .

.. scattering matrix S(s) = [Sij(S)J normalized to the strictly passive
o impedances 1, Z,(s) and Z,(s) is para-unitary, i.e. [14)]

A

;ﬁf

CAS

b S(s)8'(-s) = §(-5)8"(s) = U. (7.15)
, y

N .

f:{ where the prime denotes the matrix transpose. As mentioned above,

,_.".:.
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the circuit structures of the low-pass and high-pass two-ports in

Fig. 7.1(a) should be chosen as in Fig. 7.2(a) and Fig. 7.3(a),
respectively. Thus, we choose the minus sign both in (7.4) and (7.9),

and (7.5) and (7.10) become

N _ .
z,(s) =31-”l—Ln (7.16)
q(y) + vy

_9€z) -1
ZZ(S) = q(z) + 1 (7.17)

From (7.11)~(7.17), we can ascertain SIZ(S)SIZ(_S)’ 813(3)813(-5) and
823(s)523(—s) in terms of the Butterworth polynomials q(y) and q(z).

After factorization, we obtain

- 2{q(z) + 1]
SIZ(S) = 612(3) D(s) (7.18)
22" [q(y) + y"]
22"
823(5) = 623(3) 6?5—) (7.20)
where
D(s) = 3q(y)q(z) + y"[q(z) - 11 + q(y) (7.21)
and
s - 0O,
e12(8) = U g";‘a% , Re o, > 0 (7.22)
1 1
s ~n,
613(5) =51;—;—n; N Re nj > 0 (7.23)
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o
! ft are arbitrary real regular all-pass functions.
.

b
- . .
;)? solutions can be written as

_ 2[q(z) + 1]

51505 D(s)

e 12

()
e M " ~ ZZnigL(Y( + zI'l]
S13(s) = D(s)

22"

» S
Wi 593(8) = 5(s)

(7.24)

The minimum-phase

(7.25)

(7.26)

(7.27)

. The next problem is to choose the cut-off frequencies mé and wg, so

35$- that the diplexer has the symmetrical characteristic with respect to

' the crossover frequency. We assume that the low-pass and high-pass

. s ia (7.26) by 1l/s and appeal to
N a(l/x) = x "q(x)

obtaining

X two-port networks are of the same order. To this end, we substitute

(7.28)

Z(wgs)_n[(més)_nq(wés)~+(wés)-n]

2[q(wés) + 1]

Y 3q(w!s)q(uls) + (W"s)"fq(uls)=1] + q(u"s)

§§b
. N‘
S 134
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3 ‘ 3(w!s) " (wlis) M w!s)qwls) + (wls) T [(wls) Tq(uls) =11+ (wls) "aluls)

(7.29)

The symmetrical characteristic of the diplexer requires that

N T AN G T ST 5 e e T R O e s Ve




Wiy
‘\ ~ = ~ .
e §,3(1/8) = §,,(s) (7.30)
s

o :

N on the real-frequency axis. Substituting y = s/wé and 2z = s/w: into
{1, (7.25) gives

~

Al

X . 2[qa(s/ul) + 1]
o S12(s) n (7.31)
Pate 3q(s/w)q(s/wl) + (s/w!) [a(s/w)=11+q(s/w))

D)
:::: By comparing (7.29) and (7.31), it is straightforward to confirm that
)
.Ei; if the cut-off frequencies of low-pass and high-pass two-port networks
')"('.

- are related by
.,"_. o _ 4 .
e W we 1 (7.32)
P
" \.::4 .

:f- equation (7.30) will be satisfied and the diplexer is symmetrical.
A

( We conclude from the above discussion that the problem in

LA

l“.
;{ﬁk designing a symmetrical diplexer composed by a pair of low-pass and
}fj' high-pass Butterworth two-port networks is equivalent to that of
! choosing the order n for both two-ports and their cut-off frequencies
o

-

}:; »é and wg which are related by (7.32). 1Its transducer power-gain
N

TRy

w:: characteristic lSlZ(jw)|2 are plotted in Figs. 7.4 through 7.6 as a

,&'f
[

~) function of w for various values of n and wé.
'\
SN Computer programs for solving the nonlinear equation (7.25) is
SR

A
'5? available. The outputs are the circuit element values and the

l“

&

2 frequency response of the transducer power-gain characteristic.

) -

h:j Because of the complexity of interaction effect between the two-port
{Eﬁ networks, checking the frequency response is necessary.
‘i

et 7.3 1Illustrative examples

S

LSS
:g:ﬂ Examples illustrating the above approach are listed in Table 7.1.
\Ej: The first two examples are from Zhu and Chen's paper [61]. The final
Y

" circuits and the transducer power-gain characteristics are shown in
4 *I.

i -

$.: Figs. 7.7 through 7.12. The programs were run on the 1BM 3801 system.
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. TABLE 7.1
Summary of Performance of Various Designed Symmetrical Diplexers.
Final Results
Insertion loss | Order
at w =1 n w' w Execution | Circuit and
c 3dB
time response curves
1 6.9 dB 3 ]0.71629 0.83 0.1 Fig. 7.7(a)(b)
2 12.75 dB 3 0.57852 0.62 0.07 Fig. 7.8(a)(b)
3 20 dB 3 0.44577 0.46 0.08 Fig. 7.9(a)(b)
4 20 dB 4 0.52471 0.52 0.09 Fig. 7.10(a)(b)
5 20 dB 5 0.56418 0.53 0.1 Fig. 7.11(a)(b)
6 40 dB 5 0.37882 0.37 0.09 Fig. 7.12(a)(b)
ao A i L 1 1 /] 1 L A
4 N=3 -
60
4
]
= 40
~N
23
o
2 -
o
o~
201
0
0]
w(rad/s)
= Fig. 7.4. The Third-Order Diplexer Transducer Power-Gain
:4 Characteristics.
N
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'’ Characteristics.
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Fig. 7.7(a).

A Third-Order Series Connected Diplexer Having
6.9-dB Insertion Loss at w=1 rad/s.
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Fig. 7.7(b). The Frequency Response of the Diplexer of Fig. 7.7(a).
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Fig. 7.8(a). A Third-Order Parallel-Connected Diplexer Having
12.75-dB Insertion Loss at w=1 rad/s.
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Fig. 7.8(b). The Frequency Response of the Diplexer of Fig. 7.8(a).
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Fig. 7.9(b). The Frequency Response of the Diplexer of Fig. 7.9(a).
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Fig. 7.10(a).

A Fourth-Order Series—Connected Diplexer Having
20-dB Insertion Loss at w=1 rad/s.
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7.10(b). The Frequency Response of the Diplexer of Fig. 7.10(a).
142




. :1 N '&
- .7‘1*.‘/“‘]_

oAy
ﬂll:,l‘l' 'u'n

S

e

()
'.
"
’

2.8679H

2.8679H

T 1.0955F T 3.4497FT 1.LO955F

10 ¢

&

0.3487F
_

|

0.9128H

0.3487F

o

[4
\

0.2899H

]

0.9128H

—

ri~, 7.11(a).

©

A Fifth-Order Series-Connected Diplexer Having

20-dB Insertion Loss at w=1 rad/s.
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Fig. 7.12(a). A Fifth-Order Ser_ies—Connected Diplexer Having
40-dB Insertion Loss at w=1 rad/s.
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Fig. 7.12(b). The Frequency Response of the Diplexer of Fig. 7.12(a).

3

- n



o
e

SN AN

/.4 Conclusion

Vo

Because of the mutual interaction effect between the two-port

| -~

networks, the design of a diplexer in general is very complicated.

I\ L)
B 'h‘..n
» -n\... . . s . . .

e [he diplexer presented in this section possesses the symmetrical
b

RN . .

oS frequency responses for the channels with respect to the crossover
%
gf?' frequency, and can be obtained by connecting the two canonical
Q L \-

x’b Butterworth two-port networks either in series or in parallel.

\}\'
.NWE Having succeeded in expressing the transducer power gain of the

- ) diplexer in terms of Butterworth polynomials, the problem of designing

"
Y 'l“-li . .

A a diplexer reduces to that of choosing the order of the Butterworth
o

“
'j5’ response, and the cut-off frequencies of the individual two-port
i ietworks. A computer program DIPLX is available that gives the

N

'

a0 .
«jf: required results as well as the frequency response of the transducer
o
o0 power—gain characteristic.
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Section 8

'ON THE DESIGN OF A DIPLEXER HAVING
BUTTERWORTH CHARACTERISTICS
8.1 Introduction

A direct and analytic method is presented for the design of a
diplexer having the maximally-flat characteristic at zero and infinite
frequencies with any desired insertion loss at the crossover frequency.
We first extend Carlin's theorem on reflection coefficients to n-port
scattering matrix. We then construct the scattering matrix of a
diplexer normalized to the l-ohm resistance at the three ports, the
elements of which are expressed in terms of the numerator and denomina-
tor polynomials of input impedances of the two-port filters. 1If the
transmission coefficients possess the nth-order and mth-order Butterworth
responses, where 2n > m and 2m > n, a set of algebraic equations of
second order can be obtained. An iterative procedure for their solution
is proposed, thereby making the design of a diplexer having Butterworth
responses by direct and analytic method possible. Two illustrative
examples are given.

The design of a diplexer, which separates frequencies in certain
ranges from a spectrum of signals, is a problem fraquently encountered
in communication engineering. The separation of the desired frequency
bands can be accomplished by using filters connected either in parallel
or in series. However, the design problem is much more complicated
thin it might at first seem, because by simply connecting two ordinary
rilters, interaction effects will certainly disrupt the performance of
tie: system.  Early design of the constant-impedance filter pair gives

nly 3-dB insertion loss in each channel! at the crossover frequency [40].

!n vrder to obtain a sharper separation, most of the practical designs

L4t
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>
EIEL use the complementary techniques to modify the individual filters in
i::: the common port {37], or in the filters themselves [42].
fﬁb The analytic technique for the design of a diplexer is of great
E; importance, because the desired response can be directly obtained by |
Vﬁi using a minimum number of elements. As is well known, if the diplexer %
f;“a is lossless and reciprocal, its 3x3 scattering matrix is para-unitary
:*- (59,14]. i
‘35' Belevitch [1] first presented a method for the synthesis of a
- . nonconstant—impedance filter pair. Neirynck and Carlin [38] gave a
‘;EE general solution to the construction of a scattering matrix of a
3“-5 three-port network, a practical example of which can be found in

Carlin [3].

In the present section, a more direct method to constuct the

} l“.:";

%

scattering matrix of a diplexer consisting of a filter pair connected

.,_,..
L

cither in parallel or in series is given. The result can be considered

as a special case of [38], but the expression of the scattering para-

- e e e g vy,
[

e meters in terms of the numerator and denominator polynomials of the
v:) input impedances of the filter pair is more meaningful and is much
4 l" . P . P .
Nr s simplified. We first extend Carlin's theorem [5] on reflection coef-
"2
(. 2 S . .
e ficients to n-port scattering matrix and then apply the result to the
¢
Ly
_a.,J
° design of a diplexer.
1S
-): Another key problem is to determine these polynomials so that the
[} f-\
riy o . - ] .
,¢: transmission coefficients SIZ(S)’ 513(5) and 523(5) yield the desired
iy
P -
°. rusponses. By requiring 817(8) and 813(5) possess the nth-order and
.
an mth-order maximally-flat response at zero and infinite frequencies,
AN
N . . . .
) respectively, we obtain a set of nonlinear second-order equations.
LAY !
’ \
N o ; . .
>t ihis solution process may be regarded as an optimization procedure and ‘
.
ﬁ% i~ vquivalent to determining the exact locations of the complex zeros
N |
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of transmission. These equations greatly constrict the search range
and can be solved by Newton iterative method [41], the initial value
of which can be chosen in accordance with that suggested in paragraph

8.4. The resulting solution is guaranteed to be convergent.

8.2 The scattering matrix of a diplexer

Let us consider a three-port ideal transformer with unit turns
ratios and terminated in zl(s), zz(s) and 23(s) at port 11', 22' and

33' as shown in Fig. 8.1, where zl(s), zz(s) and 23(5) are non-Foster

== M
1' 1:1 42
| |
: l, § : z,(s)
2,{(s) | |
2'
|
I
\a(s) I :
| ll | 2,(s)
. Ly

— =%

Fig. 8.1. An Ideal Transformer Terminated in z,(s), z,(s) and
23(5) at port 11', 22' and 33', respectively.

positive-real impedances. When zl(s) =1, and zz(s) and 23(s) are
expressed by their Darlington equivalents, the ideal transformer and
the two lossless reciprocal two-port networks constitute the diplexer
as shown in Fig. 8.2.

In Fig. 8.1, we define

1,2,3 8.1

r,(s) = %[zi(S) + zi*(s)] = hi(S)hi*(s), i
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Fig. 8.2. The Ideal Transformer and Two Lossless Reciprocal Two-Port

Networks N2 and N3 Constitute the Diplexer.

where

zi*(s) = zi(—s) (8.2)

and the factorization is to be performed, so that hi(s) and h;i(s) are
analytic in the open right-half of the s-plane (RHS). Let‘S(s) be the
scattering matrix of the three-port ideal transformer normalized to

zl(s), zz(s) and z3(s). Then we have [14]

r;- +z .- 2h.h 2h
I M N T 1y M3
hl* zl+22+z3 21+22+Z3 zl+zz+z3
é(s) . 2h1h2 h2 ) zl+z3—22* -2h2h3 6.3
~ 2 tzytz, Mo 2172212, Z tzytz,
2h1h3 ‘:thhg_ Té_ . zl+zz—z3*
zl-rzz-i-z3 22+22+z3 h3* zl+22+z3
h— [

If zl(s) =1 9 and if the impedances z.(s) and zj(s) are written

explicitly as
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‘I
N
N

Zz(S) = g(—-s-j (8.4)
p3(s)
23(3) = a;(g; (8.5)
then we can state the following:
(1) pi(s) and qi(s) (i=2,3) are polynomials with real

coefficients.
(ii) pi(s) + qi(s) is strictly Hurwitz.
(iii)

pi(s)qi*(s) + pi*(s)qi(s) is not identically zero.

(iv)  py(Gwlq;, Guw) + py, (Gw)q; (Ju) > 0 for all w.

Since the matrix of (8.3) is the scattering matrix of the three-
port ideal transformer normalizing to three non-Foster positive-real
impedances, it is necessary that the matrix be rational and bounded-

real and possess the para-unitary property. Write

Wi(S)Wi*(S) = %[pi(S)qi*(S) + pi*(S)qi(S)], i=2,3 (8.6)

The zeros of the polynomial wi(s) are restricted to the left-half of
the s-plane (LHS), while the zeros of the polyromial Wi*(s) are

limited to RHS. The zeros on the imaginary axis are equally divided
between Wi(s) and Wi*(s). Thus substituting (8.4), (8.5) and (8.6)

with ZI(S) =1 in (8.3) gives

AT LT A AN L
LaT Tl s -

gh

CASN A N A

LN e

a

P S N

oy
- 2w
P2a3*P4957dy4, "ok 293 U3, 2W3a,
J -
Ppd3tP3d,+d,4, Wy Pp9atP3a,Te,d, Wy o Pya3*P3a;+950;5
o 2Wadg Max  P3924793%, 793P0 NasM3x T2
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An n-Port Network Terminated in n Non-Foster Positive-Real Impedances.

We next present a theorem which extends Carlin's result [5] to an
n-port network.

Theorem 8.1. Let é(s) = [éij] be the scattering matrix of a lossless
reciprocal n-port network N of Fig. 8.3 normalized to n non-Foster positive-

real impedances zk(s) (k=1,2,...,n). Then the unit normalized scattering

matrix of the augmented n-port network Na of Fig. 8.3 is given by

— —
1 1
W % “2
« Lo e S , M) g
= 1 + ‘e *
kl* 1 wl*w2* 12 wl*wn* In
WoWw \2 W wow )2
271 a ; 2'n
S(s) = + + == 8 + (8.8)
2*w1* 21 2% 22 WZ* n* Zn
. 5 .
W W 2 W W 2 W
+ __.D__l__ n 2 N n -
- W bnl W W, n2 * W S
nx 1% nx 2 nx 00
- -
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]

where

: pk(S)
Zk(s) = i—(s N k=1,2,...40 (8.9)

W (W () = 5[p (8)q(s) + py(s)qy, ()], k=1,2,...,n (8.10)

and the factorization of wk*(s) is to be performed the same as that
of (8.6).
The proof of the theorem follows paragraph 8.5, Conclusions.
Letting n=3 in (8.8) and substituting the elements of (8.7) in

(8.8) yield the unit normalized scattering matrix of the diplexer of

Fig. 8.2 as
B o
- L L
P2d3%P39,74595 . M 2Wya4 P S
PyA3tP4a54d54, W, P2a3%P3d,+d,5d4 Wa | PpastPgd,td,yd,
W \\ ;2 Zw -+ - W W % 2
ses) = | [+ -2 293 . P3924793924793P0, Y 2% 3% T2W ¥y
Wy Pyd3tP3q,%45d5 Pod4tP3a,%d,d Wy | Ppasteya,+a,d,
W, \2 2w W 3
. 3w 3% 247 35 2oV . P2934"92P347 95934
w3 p2Q3+p3q2+q2q3 w2w3 PZCI3+P3q2+q2‘I3 P2q3+P3q2+(12q3
h—— sy
(8.11)

From (8.11), we arrive at the following conclusion:
1. g(s) is rational and bounded-real and possesses the para-unitary
property for the lossless, reciprocal, linear and lumped diplexer, so that

the polynomial p2q3+p3q2+q2q3 is strictly Hurwitz.

2. <:wk*/wk> is a complete square. When all zeros of wkwk* are on

L
the jw-axis, (:wk*/wk) = t]. When the minus sign inside the brackets

\ 7

(s).

is used, a minus is assigned to Skk
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3. By assumption, pk/qk is non-Foster and positive-real.

8.3 Butterworth response

By a diplexer having Butterworth response we mean that its trans-
ducer power-gain characteristics, say ISlz(jw)l2 and ISl3(jw)]2, possess
the maximally-flat amplitude-frequency characteristics at the zero and
infinite frequencies. Consider the transmission coefficients SlZ(S)
and Sl3(s) of (8.11). Without loss of generality, from (8.10) wk(s)

and Wk*(s) can be expressed as

W (s) =" [riI(szmi)] zn'[s-i-aj)z + b?]zg (8.12a)

W (s) = (-1

2,2 2 2,2

(M™+w)] {T[(s-a.)” +b’] (8.12b)

i 1 J J
J

where Wy aj and bj are all real and positive; and 1, i and j are non-

negative integers. If the filter networks of Fig. 8.2 are LC-R ladders,

1t is necessary that all the zeros of Wk(s) be on imaginary axis [29].

In this case

W (s) =" 1;](32+w§) (8.13)

Since 812<S) and Sl3(s) provide the maximally-flat characteristics and
are devoid of zeros on the finite real-frequency axis, and since the
finite zeros of Wk(s) cannot be cancelled by the ones in the strictly

Hurwitz polynomial p2q3+p3q?+q2q7, wz(s) and w3(s) can be written as

|
-

W, (s) (8.14)
Wayls) = s (8.15)

The corresponding realizations are termed as the all-pole networks and

their configurations are shown in Fig. 8.4a, from which z,(s) and 23(5)

can be expressed as
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Fig. 8.4(a). A Diplexer Composed of Two Ladder Connected in Series.
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Fig. 8.4(b). A Diplexer Composed of Two Ladder Connected in Parallel.
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iy

LA
=
|
L
=
|
N

pz(s) ¢ -18 + c _58 + ...+ s + 1

N

ZZ(S) (8.16)

= qz(s) = oD n-1
n

<@

=]

3
]

—

p3(s) s +d s + ... +d,s

23(5) = a;?gj = ;}r‘ ja—l (8.17)

v
s .
2y B U S

The dual expressions in terms of the input admittances yz(s) and y3(s)

(2.0

for the circuit of tig. 8.4b can be written as
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s ¢ .8 + c + +c.s +1
'Q .\"2(5) = n-l T = 21__1 ! (8.18)
n a s + an_lsI + + s + 1
3
I
Y -
- s+ dm—lsm 1 + + dls
‘ V3(S) - (8.19)
‘ s + Bm_ls + .. + Bls + BO
. Figure 8.4 shows that there are n+m element values to be determined,
'
but therc are 2m+2n-2 unknown cvefficients in (8.16) and (8.17), or
. in (8.18) and (8.19). The m+n-2 constraints are obtained from (8.6),
. (8.14), (8.15), (8.16) and (8.17) with t=m in (8.15), as follows:
b,
Y k1=X .
{ - = = -
; -1 e g 0, X 2, by o, 2(n-1) (8.20)
o i=0 1
L]
» kz-y s
. (-1)3g.d =0, y =2, by ouen, 2(m=1) (8.21)
A i=0 J 2 ]
¢
P
j where ay = ¢q = l; a; = 0 for i > nj Ckl_i - 0 for kl_l > n; and
- Bm = dm =13 dO = 0, Bj =0 for j > m; and dkz—j =0 for kz-J > m.
The additional flexibility in terms of the excessive n+m unknown
. coefficients can be used to require that the transmission coefficients
3 possess the desired response. This is equivalent to assigning n zeros
{ of qz(s) and m zeros of q3(s) anywhere in the open LHS, so that SIZ(S)
ﬁ and 313(5) give the maximally-flat response at zero and infinity fre~
quencies. Substituting (8.14) and (8.15) with 1=m in (8.11) gives
{
d 2q3
S5,,(s8) = Iy (8.22)
12 pzq}+p3 (]3
¥
A Zsqu
S o (s) = R (8.23)
13 P qjﬂ‘jq qu3
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;1‘I:¥F55 ;

o

N _,.m

b S (g) = TR (8.24)
Oy 23 PdgtP3a,%d,dy

_—

By combining (8.16), (8.17) and (8.22), we obtain

ATSE o8 op o5 ©

2 2
F B + ... + B

] 2 _ ¢ 1 m
Sy, Gw " = N o () (8.25)
AO + tlw PR zmw P m+nu

B

g~ A

£/

»
Ly

where

,‘.‘,\. WY

i
(k
D

B o+ Bowl 4 ... + Bmwzm = 4 q,(Gma,, () (8.26)

5 5A
P A

2 2m 2 (m+n)
AO + Alu + ... + Amw + ... m+nu

I.'),rl
5

v
P

= [py (J)ag(Jo) + py(Jw)a, (Go) + ay (Guday ()]

sl

(p,, (J0)5, (9) + py (Gw)ay, (o) + q,, (ju)ay, (Ge)]  (8.27)

LM
=LA

-,
[

Pl

y v
LI

1 e e LT

B, + B wz + ... + B w

e T (8.28)
2k LGy

<Y As w approaches zero, (8.28) can be approximated by

‘ ‘ 2 ]+“‘2(k+])¢1(“’2) 2(k+1) o, 2
0SS i TR e e R 4, YW - L2

\ @ 15y, (Jwly TUHD) L+ (BO+B1 + ) (8.29)
; 1+ w 11 )

(w2

. 2 2 . . 2 . . 2
'; where tl(m } and ¢$(w”) are polvnomials in 7. In this case, ISIZ(Jw)I
is said to possess the (k+ljth-order maximally-flat response at the zerc
|

S (1n)12 can be expressed as

13

» frequencv.  Likewisc,
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to possess the

2m .
C w +
m

G 1% = B

It

+ A w‘_

AO |

2 {(m+1)
[

i =m+n, m+n-1,

; 1
‘m+n—h-1 m2 (h+1)

[+ —

C
m+n

2 (m+l) +

2 (m+n)
o W
mkl

o (8.30)
ZMm

2 m+n)
+ .'\m [T ) ( )

+ ... + ...

. 2(m+n) , 2m : .
-t Lm+nm v qZ(Jm)qZ*(Jw)

(8.31)

., m+n-h, h < n, then we have

¢ b 1
“m+n-h-2 0)2 (h+2) e

! . 1
=+ ...+ Lm+n—h h
w

i~ y

m+n-1

Am+n—h—1
l + ———

As w approaches infinity,

]
M 2(hD) b, (1

2
w
1 1

Ytn-h-2 26527 Tt Y B0 i (mEmy
o () w

1
IR
W

Ty t

C
m+n

+ C

C 1
m+n-1 n+n~h mZh

(8.32)

can be cexpressed as

%
/h)h )

1

L+ =5ar b
.

> ) 2
where ¢?(l/w“) and f,(l/m“) are polvnomials in 1/w” and |S

. 2 .
f.,(1/7a7) N

+ ol ] (8.33)

13(jm)lz is said

(htl)th-order Butterwarth response at the infinite fre-

-
B A-Q
: e Theorem 8.2. Of the diplexer contiguration of Fig. 8.4, suppose
N \.:‘:.
:}: that the transmission coctficicnts can be expressed as in (8.22), (8.23)
E) “.._‘
” ] . - . RIS . .
® and (8.24). Rewrite the roetiection coofficient Sll(s) according to
e ) , .
e that given in (8.11) as
-
s
l’.'.
- m+n m4n—h m k
- b 5 + b S coe b s+ o0 +bs  + ... + b s+ b
o S (s) = M Combo-ho ook 1T 0
9. T B S0 1 m+n-| . + 4
p a R f R ‘e a. s <
N/ m+n m+ii—- 1 ] 0
W
"

(8.32)

(8.34)



LA

Tt

where

m+n in+n-h m
1 - S .. - s e.. + 5 + ... +
p2q3+93ql 4,43 m+n” * l)nrhl—hs * bm‘j
b s 4+ ... 4+ b.s 4 b (8.35)
k 1 0
m+n m+n-1
3 -l ] B a,s + ¢ .
PoGqtPadotdndy = A T AS sty (8.36)

Then the following are true:

]
o]
-
—
-

1y If bi =0, i 2y .5 k; k < m, then ESlz(jw)lz possesses

(k+l)th-order maximallv~flat response at the zero frequency.

2y If bj =0, j m+n, m4+n-1t, ..., m+n-h, h < n, then !813(jm)|2
possesses (h+l)th-order maximallv-flat response at the infinite
frequency.

3) If bi =0, Lt =0, 1, ..., k, m+n, m+n-1, ..., m+n-h; k < m, h < nj
then the diplexer possesses (k+1)th-order maximally-flat response
at the zero frequency and (h+l)th-order maximally~flat response at
the infinite frequency simultancouslv.

4) Belevitch has shown in an unpublished note that 2m - n and 2n > m

for obtaining the non-degencrate solution.

compute 512(J~)EZ and }s”rJ )!2. Fvnanding these functions about
the zero frequency gives
5 Gw) . Téo) + 1{”)m2 et Tio)mZk - (8.37)
Sll(i ) 2 = Véo) - E;”)w2 ol 4 FiO)mZk + ... (8.38)
SpyCto Tt D) (8.39)
[t b, =0 in (S.34), b =0y 0, .., ¥; ¥ My then we have




= 0, i =0, 1, ..., k; k <m (8.40)

Bv the para-unitary property ot (8.11), we have

ST+ ?Slz(jw)1: ; :Slj(ju)}z =1 (8.41)

Combining (8.37)-(8.40), with (8.41) gives

- o2 L) 2(k+D) (0) 2(k+2)
(S, Quw T = L U + .

U

(8.42)

vielding a diplexer posscssing (k+l)th-order maximally-flat response

b, - at the zero trequencyv.
O
Sl . . o A L A . . 2 P
X Expanding ;Sll(Jw)[ , 3517(Jm){ and !813(Jw)| about the infinite
&ii frequency results in
@
S 2 () L (9] (+) 1
} N 1 . . : - N A . ) L 93 1 . . (£ 9 L
t; ‘bll(Jw)* fO 4 l] gt e 1h ST (8.43)
. W W
4 . -
. C S O I U ey 1
'bIZ(J”)‘ =4 an TV UZ(n+1) e (8.44)
: L2 L) MO (=) 1
0 = + ... ! SeT v .
Spgtimd =Ny oy S T (8.453)
i [}
If bj =0 in (8.34), i = n+a., m+n-1, ..., mtn-h; h < n, we obtain
() .
11 =0, i =0,1, ..., hy h -n (8.46)
Combinine (8.43)-(8.46), with (8.41) wives
L) (=)
L S (8.47)
13 J2(h+t) 2 (h+2) '
o w
and the rosultin diplesor poawe oo the (h+l)th-order maximally-flat

response at the fatinite troqoencs,
I b, =0 i (8.3%) 5 0 = 0, 1, .., ok, min, men-l, o0, min=h,

where ko< my, i Gy ocembhg i (8040 o (8047 )y resnles In g diplexer




possessing the (k+1)th-vrder maximally=-flat response at the zero fre-
guency and the (h+l)th-order masximally-flat response at the infinite
trequency simultancously.

Finally, in order to obtain a non-degenerate solution, the
restriction on respective degrees of the filter, 2m _ n and 2n > m

as given bv Belevitch, has to be satisfied.

Corollary 8.1. In Theorem 8.2, if bi =0 for i =0, 1, ..., m+n,
then the diplexer possesses the pth-order Butterworth response both
at the zero frequency and the infinite frequency, where p = min (m, n).
In this case, the diplexer degenerates into a constant—impedance
filter pair.

Proof: In Theorem 8.2, it bi =0 for i =0, 1, ..., m+n, then
P, (s)a5(s) + py(s)a,(s) - 4,(s)q,(s) =0 (8.48)
zz(s) + 23(5) =1 (8.49)

Let p(s)/q(s) be the impedance of z(s), being either zz(s) or 23(8) of

order p, then we have

S5,,(5) =0 (8.50)
P
51068 = 05 (8.51)
ol N
> : . 5
j. 515(‘3) ({(S) (8-52)
-k‘

ae
oLt

(8.48)~(8.532), we obtaing the following:

-
I

<
A

1) q(s) is 4 pth=order Butterworth polynomial.

2) Write

P
'-’-’-

A R A
ANy

)}i 7 (- |

LA845 %800

() (8.53)

l’l'
N
e
1
!
|

X

e

Ed

<
.
"
|
|
F
+
7'.
«
+

A7 (A4
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A

‘.
o

4

gus)

- o o=l =2

N S +d—lb td s + ... +d25 +dls

heh 2y(s) = o F R S (8050)
{ s ta s rap_z‘s +..+als+1
NG
p- then
b e c.o+d = i=1,2, ..., p-1 (8.55)

i i i

')

C,ﬁ

::.:, 3) From (8.20), (8.21), (8.53)-(8.55), we obtain

T .
- > :
~3 z,(s) = z,(1/s) (8.56)
> Using these properties, a constant resistance diplexer possessing the

.

o

-"":-’ Butterworth response of any order can easily be designed. For example,
v

I\-.
o "'j let p=6. We obtain

L
e 5, 4 3 2
o 2. (s) = 0.64395s” + 2.48803s  + 4.57081s™ +4.97607s” + 3.21975s+ 1 (8.57)
VO = T T .
o 2 s0 4 3.863705° +7.46410s" + 9. 141625° + 7. 464102 + 3.86370s + 1
k S
e
.‘ 6, . 5 4 3, 2

2 (s) = 5 +3.21975s7 4+ 4.97607s +4.57081s” +2.48803s” + 0.64395s (8.58)
- . s®+3.8637057 + 7.46410s" + 9.141625> + 7.464105% + 3.86370s + 1
‘ from which the diplexer can be synthesized.

AN

o

~ 8.4 Illustrative examples
-r.:.)

A . . Mo
Wy Newton Iteration Method

Sttt

, In paragraph 8.3, we can obtain m+n-2 equations from (8.20) and J
Ul ;
B ‘
‘-_'f‘ (8.21) and m+n-2 equations f{rom Theorem 8.2 for the 2m+2n-2 unknown

L

A. "

'\v::" coefficients, The other twe cocefiflcivats can be used to determine the

1S
.,"; crossover frequency and the loss at that trequency. where 2m > n and

Lot -
1SN

iy
::: 2n > m. We notice that all che equations arce of second order and can
1 "":-'

o be solved by the Newton fteration method ot the improved Newton's

1,%2

3 method [50]0 Finallve the rosalts wust keep py(s)/q,(s) and p.,(s)/q,(s)
W, 2 2 3 3
4
! »
'
e
'f'\: Pl
o
N R e
R e
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positive-real, so that the matrix of (8.11) is bounded-real and possesses
the para-unitary property. Write

T T T T,T

x=lg,c-8,41 (8.59)
where
= T (8.60)
g = O.n, an_l, oo ey 0,2, (11 .
¢ = I T (8.61)
S T L S L LA | .
8 = [8 8 B, Bl (8.62
= m=1"’ m-2" s 1° 0 . )
d = [(d d d, d 1" 8.63)
~ m_l’ m__z’ . ’ 2) 1 ( .
and express
o= (£, Foy vees £ F £ B (8.64)
~ 1’ "2 > T2m2n~4" 2m+2n-3’ T 2m+2n-2 .
where
2 i
1”7 Z (=D)7oye, ;=0 (8.65a)
i=0
2(n-1) )
= TS P -
fn—l B Z ( 1) aiLZ(n—l)—i 0 (8-65b)
i=0
2 .
f = —134 - )
. Z (-1 gd, =0 (8.65¢)
j=0
2(m=-1) ‘
- e _
fta-2 = 20 D78y opy-y =0 (8.65d)
j=
mine24k - Pk 5O k=1, ..., m=1, m+l, ..., m+n-1  (8.65e)
= ¢ Z _ | 2 _
2m+2n-3 ’12(1) !513(J)| =0 (8.65f)
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¥
e
,':'L
7S
-\": - |
::“ t2m+2n—2 = 110 l“‘“’ 1’(])l min =0 (8.65¢)
-
N
‘Ih where a0 is the desirved loss in dB at w=1 rad/s. let 2 be the
. min
R
¢ : kth-iteraction. 'Then
a3
s
o . R L
:\? Sk+1 <k [Qﬁsk)] r('ik) (8.66)
&
} where
.
‘S
! -—
NN f-_ 5t
5-" f (X J MZ(Xk) of ~ 2 (min-— 2)(X )
Rl ¢ V78x1 * 3)\1 ’ e 3)\1
b
o~ BF | () Bt (x,) 3 (min-2) &
K7 4i:ik) = 3‘ s ”‘5;*** s sees Ty T (8.67)
o %2 % 2
o . . . .
< . . . .
r:::
I 9 ) My ) 2(m+n—2)( )
Lon e, s eees e
Wi e
) 9% (min-1) 3%) (min-1) %) (mtn-1)
2y - |

-

In (8.65) scme 5 of the (2m+2n-2)-dimensional vector x can be

A

5
5
= _ay Ay

simply expressed in terms of the others, and this can be used to

_

Hb reduce the dimension of the problem or make the selection of the
f&-
f * . ¢ . . - .
ot initial value 50 casioer.  But a careful choice is still important,
¥ : ~(
¥ . .
Phnt without which the procedure mav not converge and the design may fail.
e
""'\ The Choice of Initial Value x
> RIS LAVE . RASNRELES LS LA

.'

-": Consider the diplexer given in Fig. 8.2. We notice that one
oy
LN n, . C ; . Co -

® filter is in the passboand, while the other is in the stophband for
r. most of the ju-axis frequencices., 1 &) is a low-pass structure and
SN 2

N

.7 N,,5 a high-pass stroactare and 1 the input impedance of one filter is
'~': . , . .

= nearly 1 ohm, while the other prescnts a small serics reactance and
4‘_' . . . . .

¥ Aosmaller resistances Then we can o bhoose the input impedances of the

g R e S o s AR PN LRI SRR RN

0 Y
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] two Butterworth filters with normalization frequencies w and Wy

By T 0

i \ . . 2 .

- where Wy <1l and w, > 1, respectively, as our initial value 30. When
- ( -

‘ a symmetric response characteristic about s=j is considered, we can
g

o use (8.56) and let w, = 1/w1. For example, the input impedance of a
R 6th-order Butterworth lowpass filter is given by

2
) +3.86370(—S—> + 1
53]
/ 0
2
) +3.86370(s—)-1
»0

3.86370 (

e z(s)

5 4 3
wi) +7.46410<i> +9.14162<'S—> +7.46410(i
0 “0 Y/ “0
S S
o%h ?_(L—u-— -
0

6 5 s \ 4 3 .
> +3.8637o<5> +7.46410<U\—> +9.14162<w ) +7.46410(——
0 "0 0 ©g

nY r

-, .
A (8.68)
o
'::'_ Let wy = 0.5. Then
[
' ,-,.

L 5 4 3 2
ZEN z(s) = 123.6384s” + 119.4256s + 73.13296s™ + 29.85864s” +7.7274s5+4 1 (8.69)
Ry = - \O-.
s 12850 + 123.63845° + 119. 42565 + 73.132965° + 29.858645% + 7.727s + 1
‘IR
O
' 22 The following sets of coefficients
K Ll
— n R

' 128.0 122.6384
o 123.6384 119.4256

2.7

P 119.4256 73.13296
Pt o = <= : (8.70)

}:.j 73.13296 29.85864
Ay
o 29.85864 7.7274
.:V_ . —d

7.7274

&i‘ L. _J
f~’.
o
_,-:,p: can be used as the Lnitial value X5 of the iterative process for the

'l
'f-:'{ hth-order svmmetrical diplexer with 3-dB bandwidth approximatelv at
X .\: 0.5 and 2, respectively, where z,(s) = z,(1/s). When the 3-dB band-
'\a";'\.' 2 3

o
A width is ¢lose to 1, the value of a constant—-impedance filter pair is
LAl

N.
;.' given in (8.57) and (8.58) can be chosen as X0
)
R

-
o
)
0'4 " 164
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\'-‘ Numerical Examples
Y
\ Example 8.1. We wish to design a diplexer having the 2nd-order
{
A~ maximallv-flat response at the zero frequency and the 3rd-order

.“:

:'.. response at the infinite frequency.

o Let n=3 and m=2. Then

\

o

¥ 1.029768s% + 1.454091s + 1
o z,(s) = = — (8.71)
‘.': 1.53622s™ + 2.16923s° + 2.2s + 1

.

N

s? + 0.670326s

Y z4(s) = — : (8.72)
> s” + 1.340652s + 0.898673

.1-\:

Vo

y from which we compute the transmission coefficients

N

. 2+ 1.3406525 + 0.898673
W S.,(s) = < PR 5 (8.73)
::‘ - 1.53622s™ + 4.228766s +6.488742s”+6.1242174s" +3.31773155+ 0.898673
‘-.

o~ S (8) m 1.536225° + 2.16923s" + 2.25° + s° 8.76)
.y - T T T - T -
N 13 1.5362255+ 4.22876634+ 6.488742s3+6.124217432+ 3.3177315s+ 0.898673
’-

-

I

o oF

The resulting diplexer is shown in Fig. 8.5 and its amplitude-frequency

.

F.I.
" )
L response is plotted in Fig. 8.6.
;.."A
.r: Example 8.2. We wish to design a diplexer possessing the 6th-order
oy |
.. svmmetrical Butterworth response with 3~dB bandwidth close to 0.5 and 2,
A
:' respectively.
L8
1'. Write
WU
9.
. c555+c434+c333+c2s2+cls+1
' 2y(8) = g g (8.75)
"-, aS +ags Ha,s +agsTHa,sttoags
Y
!
) 14
4
. o s +dss +d45 +d3s. +dzs +dls
* 23(5) A A S S (8.76)
y + s+ € < s S
.‘-’ S 85‘-. 849 +83q + 62% + Bls+ B()
4
$,
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Fig. 8.5. A Diplexer Possessing the 3rd-Order Butterworth
Response at the Infinite Frequency and the 2nd-Order
Butterworth Response at the Zero Frequency with a
3-dB Insertion Loss at w=1 rad/s.
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‘\
,-_'.:
f-‘:: where m=n=6. Let the crossover frequency be s=j. For the symmetrical
j-.j
04 Butterworth response, we require
{
Y ) = -
c::\ zz(s) 23(1/5) (8.77)
Sy .
Lo an
LSRN
'-.-
t s6+c SS+C s4+c 53+c 52+cs
. 1 2 3 4 5
‘ \ 23(3) = 5 4 3 (8.78)
‘A
r: S +0.lS +azs +a38 +aas +ass+(x6
.‘?“
R0
- The initial approximation is shown in (8.70) and using (8.66) we obtain
“W.
"
N a, = 132.9572
"-""n 6
) ag = 145.8101 cg = 76.699818
O
@ a, = 125.868 ¢, = 84.114347
1 .,1:_.: (8.79)
VE&, ay = 73.9661 ¢y = 56.86165
P
N ,_ﬁ a, = 29.856355 c, = 25.398604
[) [ ]
{ a; = 7.7274 ¢ = 7.150524
~r
B
ot The resulting network and its response are shown in Fig. 8.7 and
(o,
'~

Fig. 8.8, respectively. The transmission coefficients are {ound to be

(3 >

oA 2.8095H 3.4296H 0.9114H
P . . Va'a p p U 1YY 9 Yy
N
.“‘:.f <
P S
.- 1.733SF 3.4982F 2.4966F s 10
)
4§ o)
o
L)
e 10 0 3559F 0.2916F 10972F
. . I( . I( . I/
Al N\ AN AN
k. )
e 0.3769H 0.2859H 0.4005H :: 10
'."'-
".J_'.
A% "
o .
Bt
¢
oy Fig. 8.7. A 6th-Order Symmetrical Butterworth Diplexer with Insertion loss
"':.3 32.8 dB at the Crossover Frequency w=1 rad/s.
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2
1010g[S,4(jwl
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Fig. 8.8. The Frequency Response of the 6th~Order Symmetrical Butterworth
Diplexer of Fig. 8 with Insertion Loss 32.8 dB at w=1 rad/s.

S (s) - 50+ 7.72748° +29.8563555" + 73. 966615 + 125.8685% + 145.8101s + 132.9572 (
12 D(s) .
1
o (o) - 132.95725 24 145.81015 !+ 125. 8685+ 73966615° + 29.8563555% + 7.7274s + 5°
HEN D(s)
where
168
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(8.81)
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1 9

D(s) = 132.9572s12+1173.2236s 1 +5222.2183s10+15234.351s

8 6 4 49496.207s°

+31879.521s8+49496.207s’ +57393. 4065
+31879.521s +15234.3518° +5222.2183s2 + 1173. 22365

+132.9572

8.5 Conclusion

The problem of designing a diplexer of multiplexer is equivalent
to that of constructing a 3x3 or an nxn para-unitary matrix, whose
transmission coefficients possess the desired frequency characteristics.
Many techniques have been proposed ip this regard. However, the process
is still long and complicated. A direct method of writing the matrix
of a diplexer is given, which extends Carlin's theorem to n-port net-
works. The problem of determining the elements of the scattering matrix,
equivalently to locating the complex zeros of the transmission coef-
ficients, reduces to that of solving a set of second-order nonlinear
equations, which will constrict the search range aund lead to the optimal
solutions. Using Newton iterative method and choosing the initial
values as suggested, the procedure converges rapidly, thereby making
the design of a diplexer having Butterworth response by direct and
analytic method possible.

Proof of Theorem 8.1. Consider the lossless reciprocal two-port Nk of

Fig. 8.9. Let the input impedance of N, be zk(s), when the output is

k

terminated in 1 Q. Write

Ak(S)Ni_Bk(Si
Ck(s) + Dk(s)

zk(s) = (8.82)

where Ak(s), Dk(s) are even polynomials and Bk(s), Ck(s) are odd, or

vice versa; and Ak(s)/Ek(s), Bk(s)/gk(s), Ck(s)/gk(s) and Dk(s)/gk(s)
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N
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k

zk(s)

Fig. 8.9. A Lossless Reciprocal Two-Port Network Terminated in zi and
1Q

are the transmission parameters of N, defined by the equations

A, (s)
V,,(s) =
i gk(b)

Ck(s)

"

Lep(s)

gk(s) Vk2

k

Bk(S)

Via(s) - O] Lo (s)

Dk(S)

(s) - E;?gj IkZ(S)

(8.83)

(8.84)

When Nk is reciprocal, Ak(s)Dk(s)-Bk(s)Ck(s) is a complete square [60],

and we have the relation

£2(s) = A, ($)D, (s) = B, (s)C, (s)

(8.85)

Substituting (8.82) in (8.10) in conjunction with (8.85) yields

2
wk(s)wk*(s) = 3 &k(s)

(8.86)

In (8.86), if Ak(s) and Dk(s) are even, we choose the plus sign and if

Ak(s) and Dk(s) are odd, we use the minus sign.

~

The elements of the

scattering matrix ék(s) of Nk normalizing to zk*(s) and 1 Q are found

to be
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o\
0 * Nt
wk*(s)
T (s) = (8.87)
~k 1
W o(s) \?
s K 0
wk*(S)

The block diagonal form of these n scattering matrices of (8.87)
constitutes the 2nx2n scattering matrix of the 2n-port network N of

Fig. 8.3 normalizing to z_ (s), zz*(s), e zn*(s) and n 1-Q resis-

1%

tances. Write the scattering matrix of the n-port N of Fig. 8.3

normalizing zl(s), zz(s), cens zn(s) as

r ) . o—
Sll(s) 312(5) e Sln(s)
A 521(8) SZZ(S) ceny SZn(S)
S(s) = ) ) (8.88)
8 () %nz(s) e, énn(s)
- —

Using the above mentioned 2nx2n block diagonal matrix and (8.88) and

applying the connection formula given in Chen [l4], we obtain (8.8).

.ﬁf?iﬂgV.
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N Appendix A: Program Package for the Design of Diplexers

i:; Main programs: DIPLX2.

Subroutines: DPLXAJ, DPLXCH;
BTNK, BTCF:

‘ POLY,FRQS;

s PLOT1,CRT1,CRT2.

AL _f.,‘ o
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N c MAIN PROGRAM: DIPLX2.

DOUBLE PRECISION OMEG(3),ALC(10),0MEGA,OMEGAC,OMGCL,OMGCH,Gl.G2,
1GA, OMGCH1
DIMENSION X(50),¥G{50,6)
READ, N,OMEGAC,ITYPE
WRITE(G 15)N, OMEGAC ITYPE
15 FORMAT(' 1',ax 'N="' ,13 10X, 'OMEGAC="',D20.12,10X, 'ITYPE="',11//)
CALL DPLXAJ(N,OMEGAC, OMGCL OMGCH, ITYPE)
DO 80 I=1,50
OMEGA=1*0.04
CALL DPLXCH(N,OMGCL,OMGCH,OMEGA,Gl,G2,GA,ITYPE)
X(1)=0OMEGA
YG(1,1)=Gl
¥G(1,2)=G2
YG(I,3)=GA
80 CONTINUE
OMEG (1) =OMEGAC
OMEG(2)=1,
OMEG(3)=1./0OMEGAC
DO 82 K=1,3
CALL DPLXCH(N,OMGCL,OMGCH,OMEG(K),Gl,G2,GA,ITYPE)
82 WRITE(6,85)OMEG(K),G1,G2,GA
85 FORMAT(6X, 'OMEGA=',D20.12,5%X,'Gl="',D20.12,5X%,'G2="',D20.12,5X, 'GA="
1,D20.12)
CALL BTNK (N,1.D0,1.D0,0.D0,O0OMGCL,ALC)
CALL CRT1 (1.DO,ALC,N)
OMGCH1=1./0MGCH
CALL BTNK (N,1D0,2.D0,0.D0,O0MGCH1,ALC)
DO 86 1=1,N
86 ALC(I)=l./ALC(I)
CALL CRT2 (1.D0O,ALC,N)
CALL PLOT1(X,¥G,50,0.25,2)
STOP
END
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~ C SUBROUTINE DPLXAJ
Vol o
ey C PURPOSE
o C THE PROGRAM IS TO DESGIN A DIPLEXER COMPOSED OF A THREE-PORT
' C CIRCULATOR AND TWO BUTTERWORTH NETWORKS AND TO DETERMINE
Y C THE NECESSARY ADJUSTMENT OF THE 3 DB CUT-OFF FREQUENCY
‘:; C IN EITHER LOW-PASS OR HIGH-PASS NETWORK.

wlt C

5 C USAGE
o C CALL DPLXAJ(N,OMEGAC,OMGCL,OMGCH, ITYPE)

\ C
N C N - THE ORDER OF THE BUTTERWORTH RESPONSE.
Wiy o OMEGAC - THE CROSSOVER FREQUENCY IN RADIANS PER SECOND.
o C OMGCL - THE ADJUSTED FREQUENCY OF THE LOW-PASS NETWORK,
N o OMGCH - THE ADJUSTED FREQUENCY OF THE HIGH-PASS NETWORK.
w o ITYPE - 1, THE ADJUSTED NETWORK IS A HIGH-PASS NETWORK.
C 2, THE ADJUSTED NETWORK IS A LOW-PASS NETWORK.

SN C
ko o SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
:f,. c NONE.

N C
e o REMARKS

Py C DOUBLE PRECISION IS USED IN ALL THE COMPUTATIONS.
b~ C THE INPUTS ARE N,OMEGAC AND ITYPE.
ke o THE OUTPUT IS EITHER OMGCL OR OMGCH.
Ay Cc
o SUBROUTINE DPLXAJ(N,OMEGAC,OMGCL,OMGCH, ITYPE)

- DOUBLE PRECISION OMEGAC,OMGCL,OMGCH,OMGAJ
(“ OMGAJ=(2,/(1.+ OMEGAC**(4*N)) -1.)**(1,/(2*N))/OMEGAC

» GO TO (1,2),ITYPE

o 1 OMGCH=OMGAJ

s OMGCL=0OMEGAC
e WRITE(6,10)OMEGAC,OMGCL , OMGCH

e 10 FORMAT('0',5X,'OMEGAC=',D20.12,5X, 'OMGCL=",D20.12,5X, 'OMGCH=",
e 1D20.12//)
. GO TO 20
e 2 OMGCL=1./0OMGAJ

o OMGCH=1./OMEGAC

- WRITE(6,15)OMEGAC,OMGCL , OMGCH

> 15 FORMAT('0',5X,'OMEGAC="',D20.12,5X, 'OMGCL=",D20.12,5X, ' OMGCH
o 1D20.12//)

[ ) 20 RETURN
o END
® "_'
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SUBROUTINE DPLXCH

3

‘-r-r’.
a
%

)

PURPOSE
THE PROGRAM 1S FOR THE EVALUATION OF FREQUUENCY RESPONSE
OF A DIPLEXER COMPOSED OF A THREE-PORT CIRCULATOR AND
TWO BUTTERWORTH NETWORKS.

L 2 &
Iy
Ler

USAGE
CALL DPLXCH(N,OMGCL,OMGCH,OMEGA,Gl1,G2,GA,ITYPE)

N - THE ORDER OF THE BUTTERWORTH RESPONSE.

OMGCL THE CUT-OFF FREQUENCY OF THE LOW-PASS BUTTERWORTH
NETWORK IN RADIANS PER SECOND,

THE CUT-OFF FREQUENCY OF THE HIGH-PASS BUTTERWORTH
NETWORK IN RADIANS PER SECOND.

Gl ~ THE TRANSDUCER POWER GAIN OF THE LOW-PASS CHANNEL.

G2 -~ THE TRANSDUCER POWER GAIN OF THE HIGH-PASS CHANNEL,

OMGCH

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE.

REMARKS
DOUBLE PRECISION IS USED IN ALL THE COMPUTATIONS.
THE INPUT VALUES ARE N,OMGCL,OMGCH,OMEGA.
TIIE OUTPUT 1S Gl AND G2.

OO0 O0000000O00000O00O00O00O0O0O0

SUBROUTINE DPLXCH(N,OMGCL,OMGCH,OMEGA,Gl,G2,GA,ITYPE)
DOUBLE PRECISION OMGCL,OMGCH,OMEGA,Gl,G2,GA
Gl=10.*DLOG10(1.+(OMEGA/OMGCL)**(2*N))
G2=10.*DLOG10(1.+(OMGCH/OMEGA)** (2*N))
GO TO (1,2),I1TYPE ‘
1 GA=10.*DLOG10(1.+(OMGCL/OMEGA )**(2*N)) |

G2=G2+GA
GO TO 20

2 GA=10.*DLOG10(1.+(OMEGA /OMGCH)**(2*N))
G1l=Gl+GA

20 RETURN
END
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SUBROUTINE BTNK

PURPOSE
THE PROGRAM IS FOR THE CALCULATION OF THE ELEMENT VALUES OF
AN OPTIMUM BUTTERWORTH LOW-PASS LADDER NETWORK TERMINATED
IN A RESISTIVE GENERATOR WITH INTERNAL RESISTANCE Rl AND
A PARALLEL RC LOAD.

USAGE

CALL BTNK(N,R1l,R,C,OMEGAC,ALC)

N ~ THE ORDER OF THE BUTTERWORTH RESPONSE.

Rl - THE INTERNAL RESISTANCE OF THE SOURCE.

R ~ THE RESISTANCE OF THE LOAD.

C - THE CAPACITANCE OF THE LOAD.

OMEGAC - THE CUT-OFF FREQUENCY OF THE BUTTERWORTH NETWORK IN

RADIANS PER SECOND.

ALC ~ THE ELEMENT VALUES OF THE BUTTERWORTH NETWORK,
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED

NONE.
REMARKS

DOUBLE PRECISION IS USED IN ALL THE COMPUTATIONS.
THE INPUTS ARE N,R1,R,C AND OMEGAC.
] THE OUTPUT IS ALC.

OOOO0O0O0O00OO0000000000000000000

SUBROUTINE BTNK(N,R1l,R,C,OMEGAC,ALC)
REAL*8 NT
DOUBLE PRECISION R,R1,C,Cl,OMEGAC,PI,XP,XQ,AK,B,DELTA,RA
1,RB,RC,RD,RE,ALC(1)
PI=3.1415926535898
XP=R*C*OMEGAC
XQ=2.*DSIN(PI/(2.*N))
IF(XP.LT.XQ) GO TO 20

10 DELTA=1.0-XQ/XP
Cl=C :
AK=1.-DELTA** (2*N) |
GO TO 30

20 DELTA=0.
AK=1.
C1=XQ/(R*OMEGAC)

30 B=DELTA**N
NT=DSQRT(R1*(1.+B)/(R*(1.-B)))
WRITE(6,50)DELTA,AK,NT
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Y 50 FORMAT('1l',2X,'DELTA= ',D20.12/3X,'AK= ',D20.12/3X%,'NT =',D23.1
.- 12/)

AT ALC(1)=Cl-C

.

WRITE(6,60)ALC(1)
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60 FORMAT(3X,'C( 1)=',1X,D20.12)
J=N/2
DO 90 M=1,J _
RA=PI*(4*M-3)/(2.*N)
RB=PI*(4*M-2)/(2.*N)
RC=PI*(4*M-1)/(2.*N)
MM=2*M

ALC(MM)=4,*DSIN(RA)*DSIN(RC)/(C1*OMEGAC**2*(1,-2,*DCOS{(RB)*

4DELTA+DELTA**2))
WRITE(6, 65)MM,ALC(MM)

65 FORMAT(3X,'L(',I12,')= ',D20.12)
IF(MM-N) 70,90,90

70 RD=PI*4*M/(2,*N)
RE=PI*(4*M+1)/(2,*N)

Cl=4.*DSIN(RC)*DSIN(RE)/(ALC(MM)*OMEGAC**2*(1,~-2,*DELTA*DCOS (RD)

5+DELTA**2))
MM1=MM+1
ALC(MM1)=Cl
- WRITE(6,80)MM1,ALC(MM1)
80 FORMAT(3X,'C(',12,')= ',D20.12)
90 CONTINUE
100 RETURN

END
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SUBROUTINE BTCF

PURPOSE
THE PROGRAM 1S FOR THE COMPUTATION OF THE COEFFICIENTS OF
THE BUTTERWORTH POLYNOMIAL OF ORDER N.

.
3

o

3

>
.

USAGE
CALL BTCF(N,A)

NN
LN

I
sl

R

N - THE ORDER OF THE BUTTERWORTH RESPONSE.
'x. A -~ THE VALUES OF THE BUTTERWORTH COEFFICIENTS.
L
S SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
o NONE.
N
REMARKS

DOUBLE PRECISION IS USED IN ALL THE COMPUTATIONS,
THE INPUT IS N, :
THE OUTPUT IS A.

M |
e Rt

T
ot

GOOOOOOOOO0OON0DO0O00OO0000

o

o SUBROUTINE BTCF(N,A)

o DOUBLE PRECISION A(1),AA,PI
(2 P1=3.1415926535898

e NN=N-1

;15 AA=1,

L A(l)=2a

DO 10 IU=1,NN
AA=AA*DCOS{((IU-1)*PI/(2*N))/DSIN(IU*PI/(2*N))
A(IU+1)=AA
10 CONTINUE
NN=N+1
A(NN)=1,
RETURN
END

» 'v'j
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SUBROUTINE POLY

N
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PURPOSE
THE PROGRAM IS FOR THE EVALUATION OF THE VALUES OF
A COMPLEX POLYNOMIAL AT A FIXED RADIAN COMPLEX
FREQUENCY Y,

.\

[

e

cl USAGE

t?' CALL POLY(N,A,Y,Q)

N - THE ORDER OF THE POLYNOMIAL,

A - THE POLYNOMIAL COEFFICIENTS.

Y - THE RADIAN COMPLEX FREQUENCY.

Q - THE VALUE OF THE POLYNOMIAL EVALUATED AT Y.
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED

NONE,
REMARKS

DOUBLE PRECISION IS USED IN ALL THE COMPUTATIONS.
THE INPUTS ARE N,A AND Y,
THE OUTPUT IS Q.

OOO0OO0O0O0OOO0O000O000000O00O0ON

SUBROUTINE POLY {(N,A,Y,0Q)

COMPLEX*16 Y,Q

DOUBLE PRECISION A(1)

RS NN=N+1

k- 0=0.

- DU 10 IU=1,NN

Q=Q+A(IUYXY**(1U-1)

10 CONTINUE
RETURN
END
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SUBROUTINE FRQS

PURPOSE
THE PROGRAM IS FOR THE EVALUATION OF THE MAGNITUDE RESPONSE
OF A SYMMETRICAL DIPLEXER COMPOSED OF TWO CANONICAL
BUTTERWORTH NETWORKS AT A FIXED RADIAN FREQUNCY OMEGA,

USAGE
CALL FRQS(N,A OMEGAC,OMEGA,Gl12,G13,ITYPE)
N ~ THE ORDER OF THE BUTTEKWORTH RESPONSE.
A - THE BUTTERWORTH COEFFICIENTS.
OMEGAC - THE CUT-~OFF FREQUENCY OF THE LOWPASS BUTTERWORTH

NETWORK IN RADIAN.

OMEGA - THE RADIAN FREQUENCY,

Glz2 - THE TRANSDUCER POWER GAIN FROM PORT 1 TO PORT 2 AT
A FIXED FREQUENCY OMEGA. B

G1l3 - THE TRANSDUCER POWER GAIN FROM PORT 1 TO PCRT 3 AT
A FIXED FREQUENCY.

ITYPE - 0, Gl2 AND G13 ARE IN RATIO.

- 1, Gl12 AND Gl1l3 ARE IN DB.

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
CALL POLY(N,A,Y,Q)

REMARKS
DOUBLE PRLCISION IS USED IN ALL THE COMPUTATIONS.
THE INPUTS ARE N,A,OMEGAC AND OMEGA.
THE OUTPUTS ARE G1l2 AND Gl13,

sXe oo NeXeXakeXeXeXakeXe ke XeXe ke ke ke NaleXeXeXeXe N Xe e Kol R

SUBROUTINE FRQS{N,A,OMEGAC,OMEGA,Gl12,Gl13,ITYPE)
COMPLEX*16 Y,Yl,Y2,PPl,0QQ1,PP2,002,01,02,8D,S12,S813,21,122
DOUBLE PRECISION OMEGA,OMEGAC,A(l),IMAG,Gl2,G13,REAL
Y=DCMPLX(0.0D0 ,OMEGA)

Y1=Y/OMEGAC

CALL POLY(N,A,Y1,0Q1)

¥2=Y*OMEGAC

CALL POLY (N,A,Y2,Q02)

PP1=Q1-Y1**N

Q01=Q1+Y1**N

PP2=0Q2-1.

QQ2=02+1,

SD=PP1*QQ2+PP2*QQ1+QQ1*QQ2

§12=2.%002/SD

S13=2.*%(Y2**N)*QQ1/SD

G12=CDABS(S12)

G13=CDABS(S13)

S

A 21=(QL-Y1**N)/(QLl+Y1**N)
Yoo 22=(Q2-1.)/(Q2+1.)
>3 IF(ITYPE.NE.O) RETURN
.3 G12=-20.*DLOG10(G12)
_ G13=-2C.*DLOG10(G13)
v RETURN
e, END
‘.
N
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3 C SUBROUTINE PLOT1

e C

"t o PURPOSE

oy c THE PROGRAM IS FOR THE PLOTTING ONE OR MORE CURVES
(w C (UP TO SIX) ON ONE PLOT BY A LINE PRINTER.
10N c

g C USAGE

= o CALL PLOT1(X,Y,N,DY,M)

o C
el o X - A ONE-DIMENSIONAL ARRAY,

\ C Y - A TWO-DIMENSIONAL ARRAY,

2 C N - THE NUMBER OF POINTS FOR EACH CURVE TO BE PLOTTED.
v C DY - THE SCALE FACTOR OF Y.
[ C DY WILL BE DETERMINED AUTOMATICLY IF SET DY=0.
- o M - THE NUMEBER OF CURVES TO BE PLOTTED ON
(- C A SINGAL PLOT.

C

O C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
N c NONE
A0 .

Y

o SUBROUTINE PLOT1(X,Y,N,DY,M)

o INTEGER ROW(81),STAR,BLANK,POINT,S3,S4,S5,PLUS
Yy DATA/STAR,BLANK,POINT,PLUS,S3,S4,SS,56/1H*,1H ,1H.,1H+,1H-,1HS$,1H:
e 1,1Hs
b DIMENSION X(N),Y(N,M)

e YMIN=1.E10

RN YMAX=-1,E-10

- DO 5 1=1,81
‘ 5 ROW(I)=BLANK
oy DO 10 J=1,M

oy DO 10 I=1,N
2 IF(Y(I,J).GT.YMAX) YMAX=Y(I,J)
- 10 IF(Y(I,J).LT.YMIN) YMIN=Y(I,J)
A D=DY
Loy IF(DY.EQ.0.) D= (YMAX-YMIN) /100.

2 IF(YMAX.LT.0.0R .YMIN.GT.0.) GO TO 15

3 NZ=-YMIN/D+1

e ROW(NZ)=POINT

o 15 CONTINUE

R NN=N-4 ‘

- WRITE(6,20)

L] 20 FORMAT('1l',5X,'X(1)"',8X,'Y(1,1)")

e WRITE(6,25)
o 25 FORMAT(37X,'+',8('===~==--~ +'))
fo DO 90 L=1,NN,5
T DO 90 LL=1,5

< I=L+LL-1

0. IF(I.NE.N) GO TO 32

7 DO 30 K=1,72,10

s ROW(K) =PLUS
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2
vl DO 30 KK=1,9
oy K1=K+KK
- 30 ROW(K1)=S3
(‘ GO TO 34

o 32 ROW(1)=S5

N ROW(81)=S85
N IF(LL.EQ.5) ROW(1)=PLUS
L.~ IF(LL.EQ.5) ROW(81)=PLUS
o 34 CONTINUE

-j’ DO 50 J=1,M

A NY=(Y(I,J)-YMIN)/D+1.5
povn IF(NY.GT.81) GO TO 50
. GO TO (41,42,43,44,45,46), J
o 41 ROW(NY)=POINT

o GO TO 50
oy 42 ROW(NY)=STAR
GO TO 50

I 43 ROW(NY)=PLUS

.'-::.r GO TO 50

o 44 ROW(NY)=S3

N GO TO 50
N 45 ROW(NY)=54

GO TO 50

v 46 ROW(NY)=S5
AN 50 CONTINUE

5; WRITE(6,60) X(1),¥(I1,1),ROW
o 60 FORMAT(1X,2E13.6,10X,81al1)
NN DO 80 K=1,81
{ B0 ROW(K)=BLANK
o 80 CONTINUE
oo RETURN
e END
ok
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0
NS SUBROUTINE CRT1
3
- PURPOSE
THE PROGRAM 1S FOR THE PRINTING OF THE CONFIGURATION
- AND THE ELEMENT VALUES OF A LADDER LOW-PASS
o LOSSLESS NETWORK TERMINATED IN A RESISTANCE LOAD.

USAGE

CALL CRTI1(R,ALC,N)

N - THE ORDER OF THE NETWORK.

R - THE RESISTANCE OF THE LOAD.

ALC - THE ELEMENT VALUES OF THE LADDER NETWORK,
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED

NONE.,
REMARKES

DOUBLE PRECISION IS USED.
THE INPUTS ARE R,ALC AND N.
THE OUTPUTS ARE THE VALUES OF THE ELEMENTS,

OO0 O0O000O0O0O0O00

SUBROUTINE CRT1(R,ALC,N)
DOUBLE PRECISION R,ALC(1)
WRITE(6,5)
5 FORMAT('1',3X,'CIRCUIT CONFIGURATION'//)
DO 20 M=1,N,2
WRITE(6,30) M ALC(M)

30 FORMAT(4 (3%, { 23x "1 /)
33x e 11('-'), ,11(" - ),"|',11x,'¢c(',12,")=",D20.12, 3X,
4F' /30 3x "|',23%, 1 /))
MM=M+1
IF(MM.GT.N) GO TO 20

)
WRITE(6,40) MM,ALC(M+1)
40 FORMAT(2X,'|',23%,'L',11X,'L(',12,')=!,D20.12,2X,
5' H")
20 CONTINUE
WRITE(6,10)R
10 FORMAT(3(3X

123K,
14%,11('-"),'"R",12('-"),11X,'R=",D24.12,2X,"OHM")
RETURN
END
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o c SUBROUTINE CRT2
2 C
-\l
~ o PURPOSE
o THE PROGRAM IS FOR THE PRINTING OF THE CONFIGURATION AND
. C THE ELEMENT VALUES OF A LADDER HIGH-PASS LOSSLESS
= o NETWORK TERMINATEL IN AN RESISTIVE LOAD.
- C
o C USAGE
b o CALL CRT2(R,C,ALC,N)
0o C
\ o N - THE ORDER OF THE NETWORK.
s C R - THE RESISTANCE OF THE LOAD.
~ C ALC - THE ELEMENT VALUES OF THE LADDER NETWORK.
" C
Y C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
19
B, c NONE,
C
LY. C REMARKS
e o OUBLE PRECISION IS USED.
w C THE INPUTS  ARE R,C,ALC AND N,
iy C THE OUTPUT IS THE ELEMENT VALUES.
- C
C
Tt SUBRCUTINE CRT2(R,ALC,N)
N DOUBLE PRECISION R,ALC(1)
N WRITE(6,5)
R 5 FORMAT('1l',3X,'CIRCUIT CONFIGURATION'//)
ok DO 20 M=1,N,2
- WRITE(6,30, M,ALC(M)
o 30 FORMAT(4(3X%,'|',23%,"|'/)
T 33%,'|',11('="),'v' 11 ('="), "), 11X, 'L(",12,")=",D20.12, 3%,
e 4'H'"/3(3%,"]",23%,"'|'/))
r MM=M+1
o IF(MM.GT.N) GO TO 20
s WRITE(6,40) MM,ALC(M+1)
D) 40 FORMAT(3X,'|',23%X,'C',11%,'C(',12,')="',D20.12,2X,
s 5' F'/)
o~ 20 CONTINUE
e WRITE(6, lO)R
- 10 FORMAT(3( | 3 |' /),
1V 14X, 11( , , "-'),11X,'R=",D24.12,2X, 'OHM")
o RETURN
5 END
' h.".
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Appendix B: Program Package for the Design of Multiplexers

»
gt

o
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Main programs: MUPLX .

Subroutines: MPLX, BTNK;
BPT, CRT1;
PLOT1.
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MAIN PROGRAM

C
C
C

DOUBLE PRECISION OMEGAE(10,2),OMEGA,OMEGAl,OMEGA2,OMEGAO(10)
1G21(10),611(10),G21M(10),DG21M(10),B(10),
1R1,R,C,ALC(10),AL(20),AC(10)

DIMENSION X(50),YG(50,6),2G(50,6),YG1(50,6),2G1(50,6)

READ, N,OMEGAl,OMEGA2

WRITE(6,10)N,OMEGALl,OMEGA?2

10 FORMAT('l',5X,'N=',13,10X, 'OMEGAl=",D20.12,10X, 'OMEGA2=",D20

READ,M

WRITE(6,15)M

15 FORMAT(6X,'M=',13//)
DO 20 I=1,M
READ, OMEGAE(I,l},OMEGAE(I,2)
20 WRITE(6,25)I,0MEGAE(I,1),1,0MEGAE(I,2)
25 FORMAT('0',5X, 'OMEGAE(',12,',1)=',D20,.12,10X, 'OMEGAE("',12,
120.12)
WRITE(6,30)
30 FORMAT('1l',64X,'OMEGA',8X,'G21M'/)

DO 80 I=1,50

OMEGA=OMEGAl+ (OMEGA2-OMEGAl)*I/50.

X(1)=0OMEGA

CALL MPLX(N,M,OMEGA,OMEGAE,G21M)

WRITE(6,35)OMEGA, (G21M(J),J=1,M)

35 FORMAT(1X,5(D12.5))

DO 40 K=1,M

40 YG(I,K)=G21M(K)
80 CONTINUE

CALL BTNK (N,1.D0,1.D0,0.D0,1.D0O,ALC)

CALL CRT1 (1.DO,ALC,N)

DO 100 I=1,M

WRITE(6,99) 1

99 FORMAT('0',B8X,'M=',12/)
CALL BPT (N,OMEGAE(I,l),OMEGAE(I,2),ALC,AL,AC)
100 CONTINUE

CALL PLOT1(X,Y¥G,50,0.25,M)

STOP

END
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SUBROUTINE MPLX

PURPOSE
THE PROGRAM 1S FOR THE EVALUATION OF FREQUUENCY RESPONSE
OF A MULTIPLEXER COMPOSED OF A MULTI-PORT CIRCULATOR
THE BUTTERWORTH NETWORKS.

USAGE
CALL MPLX(N,M,OMEGA,OMEGAE,G21M)
N - THE ORDER OF THE BUTTERWORTH RESPONSE.
M - THE NUMBER OF CHANNELS,

OMEGA - THE RADIAN FREQUENCY.

OMEGAE - THE EDGE FREQUENCIES OF THE BAND-PASS RESPONSE.
DG21M - THE TRANSDUCER POWER GAIN.
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE.
REMARKS

DOUBLE PRECISION IS USED IN ALL THE COMPUTATIONS.
THE INPUT VALUES ARE N,M, OMEGA,OMEGAE.
THE OUTPUT IS G21M.,

OOOOO0O00O00O0O00O000000O000000ONnN0n

SUBROUTINE MPLX(N,M,OMEGA,OMEGAE,G21M)
DOUBLE PRECISION OMEGA,OMEGAB,OMEGAE(10,2),0MEGAO(10),G21(10
1611(10),DG21M(10),B(10),G21M(M)
DO 10 I=1,M
OMEGAO(I)=(OMEGAE(I,1)*OMEGAE(1,2))**0.5
B(I)=OMEGAE(I,2)-OMEGAE(I,1)
OMEGAB=(OMEGAO(I)/B(1))* (OMEGA/OMEGAO(I )~-OMEGAO(I)/OMEGA)
G21(1)=10.*DLOG10(1.+ OMEGAB**(2*N))
G11(1)=10.*DLOG10(1.+(1./OMEGAB)**(2*N))
IF(I.NE.1) GO TO 5
G21M(I)=G21(1)
DG2IM(I)=Gl1(1)
GO TO 10
5 DG21M(I)=DG2IM(I-1)+Gl1(1I)
G21M(1I)=G21(I)+DG21IM(I-1)
10 CONTINUE
RETURN
END
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SUBRCUTINE BTNK

PURPOSE

THE PROGRAM IS FOR THE CALCULATION OF THE ELEMENT VALUES
AN OPTIMUM BUTTERWOx[TH LOW-PASS LADDER NETWORK TERMINA
IN A RESISTIVE GENERATOR WITH INTERNAL RESISTANCE Rl A

A PARALLEL RC LOAD.

USAGE
CALL BTNK(N,R1l,R,C,OMEGAC,ALC)
N ~ THE ORDER OF THE BUTTERWORTH RESPONSE.
Rl - THE INTERNAL RESISTANCE OF THE SOURCE.
R - THE RESISTANCE OF THE LOAD.
C - THE CAPACITANCE OF THE LOAD.

OMEGAC - THE CUT-OFF FREQUENCY OF THE BUTTERWORTH NETWORK

RADIANS PER SECOND.

ALC - THE ELEMENT VALUES OF THE BUTTERWORTH NETWORK.
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE
REMARKS

DOUBLE PRECISION IS USED IN ALL THE COMPUTATIONS.

THE INPUTS ARE N,R1,R,C AND OMEGAC.,

THE OUTPUT IS ALC.

SUBROUTINE BTNK(N,R1,R,C,OMEGAC,ALC)
REAL*8 NT

DOUBLE PRECISION R,R1,C,Cl,OMEGAC,PI,XP,XQ,AK,B,DELTA,RA

1,RB,RC,RD,RE,ALC(1)
PI=3,1415926535898
XP=R*C*OMEGAC
XQ=2.*DSIN(PI/(2.*N))
IF(XP.LT.XQ) GO TO 20
DELTA=1.0-XQ/XP

Cl=C

AK=1,-DELTA** (2*N)

GO TO 30

DELTA=0.

AK=1,

Cl=XQ/(R*OMEGAC)

B=DELTA**N
NT=DSQRT(R1*(1.+B}/(R*(1.~-B)))
WRITE(6,5C)DELTA,AK,NT
FORMAT('1',2X,'DELTA= ',D20.12/3X, 'AK=
12/)

ALC(1)=Cl-C

WRITE(E,63)ALC{1)

.....

',D20.12/3X,'NT =",




oy A 7 Al b Y THTRIVRAES o
A A
.A
\- '.\.
[ "\- "
s 60 FORMAT(3X,'C( 1)=',1X,D20.12)
o J=N/2
o DO 90 M=1,J
Al RA=PI*(4*M-3)/(2.*N)
\ RB=PI*(4*M-2)/(2.*N)
AW RC=PI*(4*M-1)/(2.*N)
e MM=2*M
ny ALC(MM)=4,*DSIN(RA)*DSIN(RC)/(C1*OMEGAC**2*(1,~-2.*DCOS(RB)*
o 4DELTA+DELTA**2))
oy WRITE(6,65)MM,ALC(MM)
D) 65 FORMAT(3X,'L(',12,')= ',D20.12)
y IF(MM-N) 70,90,90
s 70 RD=PI*4*M/(2,*N)
N RE=PI*(4*M+1)/(2.*N)
A Cl=4.*DSIN(RC)*DSIN(RE)/(ALC(MM)*OMEGAC**2* (1,-2.*DELTA*DCOS (
‘N S+DELTA**2))
MM1=MM+1
B, ALC(MM1)=Cl
[~ WRITE(6,80)MM1,ALC(MM1)
‘AL 80 FORMAT(3X,'C(',I12,')= ',D20.12)
g 90 CONTINUE
A% 100 RETURN
o END
o
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SUBROUTINE BPT

bl T 7

PURPOSE
THE PROGRAM IS FOR THE EVALUATION OF THE ELEMENT VALUES OF
A BANDPASS FILTER FROM THE LOWPASS FILTER.

USAGE
CALL BPT(N,OMEGAl,OMEGA2,ALC,AL,AC)

N - THE ORDER OF THE FILTER.

OMEGALl - THE EDGE FREQUENCY OF THE BAND-PASS RESPONSE,.
OMEZGA2 - THE EDGE FREQUENCY OF THE BAND-PASS RESPONSE,

ALC - THE VALUES OF THE ELEMENTS OF LOW-PASS FILTER.,

AL - THE VALUES OF THE INDUCTANCES OF BANDPASS FILTER.
AC - THZ VALUES OF THE CAPACITANCES OF BANDPASS FILTER.

SUBRCUTINES AND FUNCTION SUBPROGRAMS REQUIRED
ONE.

REMARKS
DOUBLE PRECISION IS USED IN ALL THE COMPUTATIONS.
THE INPUT VALUES ARE N,OMEGAl,OMEGA2 AND ALC.
THE OUTPUT IS AL AND AC.

%
’{u'l'y
AOOOOOOOO0OOO0O0O0O000O0000000000N0n

SUBROUTINE BPT(N,OMEGAl,OMEGA2,ALC,AL,AC)
o DOUBLE PRECISION OMEGAl,OMEGA2, ALC(N) ,AL(N) ,AC(N),OMEGAO,B
> OMEGAO=(OMEGAL*OMEGAZ)**O.S
( B=OMEGA2-OMEGA1l
- DO 10 J=1,N,2
" AL(J)=ALC(J),B
2 10 AC(J)=B/(ALC{(J)*OMEGAO**2)

{
: DO 20 J=2,N,2
- AC(J)=ALC(J) /B
) 20 AL(J)=B/(ALC(S)*OMEGAQ**2)
- DO 43 J=1,N
N 40 WRITE(E,50) C,AL(J),J,AC(J)
o 50 FORVA‘(ICA,'AL(',I2,’) ",D206.12,5X%,'AC(',12,"')=",D20.12)
_.:-' RETURN
2 END
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SUBRDUTINE CRT1

PURPOSE
THZ PROGRAM IS FOR THE PRINTING OF THE CONFIGURATION
AND THE ELEMENT VALUES OF A LADDER LOW-PASS
LOSSLESS NETWORK TERMINATED IN A RESISTANCE LOAD,
USAGE
CALL CRTI(R,ALC,N)

N - THE ORDER OF THE NETWORK.
R ~ THE RESISTANCE OF THE LOAD.
ALC - THE ELEMENT VALUES OF THE LADDER NETWORK.

SUBRDUTINES AND FUNCTION SUBPROGRAMS REQUIRED

NONE.,
REMARKES

DOUBLE PRECISION IS USED.

THZ INPUTS ARE R,ALC AND N,

THZ OUTPUTS ARE THE VALUES OF THE ELEMENTS.
SUBRCUTINE CRTI(R,ALC,N)

DOUBLE PRECISION R,ALC(1)
WRITE(6,5)

FORMAT('1',3%, 'CIRCUIT CONFIGURATION'//)

WRITE(€,30) M,ALC(M)

FORMAT(4(3X,"'|",23%X,'|"'/)

33%, "), 11(0-") ¢, 10 (=), ], 11K, 'e(, 12,7 )=",D20.12, 3%,
4P /(3,0 ,23%, /)

MM=M~+1

FORMAT

5' H')

CONTINUE

WRITE(E,10)R

FORMATI(3(3%,"{"',23%,"|"/),
14%,21('-"),'R",22("'-"),11%X,'R=",D24.12,2X, "OHM")
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SUBROUTINE PLOT1

PURPOSE

THE PROGRAM 1S FOR THE PLOTTING ONE OR MORE CURVES
(UP TO SIX) ON ONE PLOT BY A LINE PRINTER.

USAGE
CALL PLOT1(X,Y,N,DY,M)

X - A ONE-DIMENSIONAL ARRAY.
Y A TWO-DIMENSIONAL ARRAY.

N - THE NUMBER OF POINTS FOR EACH CURVE TO BE PLOTTED
DY - THE SCALE FACTOR OF Y.

DY WILL BE DETERMINED AUTOMATICLY IF SET DY=0,
M - THE NUMEBER OF CURVES TO BE PLOTTED ON

A SINGAL PLOT.

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE.

SUBROUTINE PLOT1(X,Y,N,DY,M)
INTEGER ROW(81),STAR,BLANK,POINT,S3,S4,55,PLUS

DATA STAR,BLANK,POINT,PLUS,S3,S4,S5,S6/1H*,1H ,1H.,1H+,1H~,1H

1,1H&/

DIMENSION X(N),Y(N,M)
YMIN=1,E10

YMAX=-1,E-10

DO 5 I=1,81

ROW(1I)=BLANK

DO 10 J=1,M

DO 10 I=1,N

IF(Y(I,J).GT.YMAX) YMAX=Y(I,J)

IF(Y(I,J).LT.YMIN) YMIN=Y(I,J)
D=DY
IF(DY.EQ.0.) D= (YMAX-YMIN) /100.

IF(YMAX.LT.0.0R .YMIN.GT.0.) GO TO 15
NZ=-YMIN/D+1

ROW(NZ)=POINT

CONTINUE

NN=N-4

WRITE(6,20)

FORMAT('1',5X, 'X(1)',8%,"¥(I1,1)")
WRITE(6,25)

DCIMAT(37X, '+ ,B('-——~—== = +'))
DO 90 L=1,NN,5

DO 90 LL=1,5

I=L+LL-1

IF(I.NE,N) GO TO 32

DO 30 K=1,72,10

ROW(K)=PLUS
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DC 30 KK=1,9

K1=K+KK

ROW(K1)=S3

GO TO 34

ROW(1)=S5

ROW(81)=S5

IF(LL.EQ.5) ROW(1l)=PLUS
IF(LL.EQ.5) ROW(81)=PLUS
CONTINUE

DO 50 J=1,M
NY=(Y(I,J)-YMIN)/D+1.5
IF(NY.GT.81) GO TO 50

GO TO (41,42,43,44,45,46), J
ROW(NY)=POINT

GO TO 50

ROW(NY)=STAR

GO TO 50

ROW(NY)=PLUS

GO TO 50

ROW(NY)=S3

GO TO 50

ROW(NY) =54

GO TO 50

ROW(NY) =S5

CONTINUE

WRITE(6,60) X(I),¥Y(I,1),ROW
FORMAT(1X,2E13.6,10X,81a1)
DO 80 K=1,81

ROW(K) =BLANK

CONTINUE

RETURN

END
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Apvendix C: Program Package for the Design of Diplexers

Py
o
e
LN

-~ -
" e

[ N A N

Main programs: DIPLX,

4 Subroutines: DPLX:;

‘ BTNK, BTCF;
POLY,FRQS;
PLOT1,CRT1,CRT2.
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MAIN PROGRAM: DIPLX.

DOUBLE PRECISION OMEGA,OMEGAC,A(20),G12,G13,0MEGCO,ATCO,R,R],
1ALC(20)

DIMENSION X(50),YG(50,2)

READ, OMEGCO,ATCO,N,ITYPE

WRITE(6,30) OMEGCO,ATCO
FORMAT('1',4X,'OMEGCO="',D20.12,5X, 'ATCO=",D20.12)
CALL DPLX ( 1.0D00,ATCO,N,OMEGAC,A,ITYPE)
CALL BTNK (N,1.D0,1.D0,0.D0,OMEGAC,ALC)
CALL CRT1 (1.DO,ALC,N)

DO 40 I=1,N

ALC(1)=1./ALC(1)

CALL CRT2 (1.D0,ALC,N)

DO 90 I=1,50

OMEGA=0OMEGCO*0,04*I

CALL FRQS(N,A,OMEGAC,OMEGA,Gl2,G13,ITYPE)
X(1)=OMEGA '
¥G(1,1)=G1l2

YG(1,2)=G1l3

CONTINUE

CALL PLOT1 (X,YG,50,0.25,2)

STOP

END
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SUBROUTINE DrLX

PURPOSE
THE PROGRAM IS TO DESIGN A SYMMETRICAL DIPLEXER COMPOSED OF
TWO BUTTERWORTH NETWORKS AND TO DETERMINE THE 3 DB CUT-
OFF RADIAN FREQUENCY OF THE LOW-PASS FILTER HAVING
THE PREASSIGNED ATTENUATION AT CROSSOVER FREQUENCY.

USAGE
CALL DPLX(OMEGCC,ATCO,N,OMEGAC,ITYPE)

OMEZGCO - THE CROSSOVER FREQUENCY IN RADIANS PER SECOND.
ATCC - THEE ATTENUATION AT THE CROSSOVER FREQUENCY.
N - THE CORDER OF THE BUTTERWORTH RESPONSE.

OMEGAC - THE CUT-OFF FREQUENCY OF THE BUTTERWORTH NETWORK IN
RADIANS PER SECOND.
ITYPE - 0, ATCO IS IN RATIO.
1, ATCO IS IN DB.

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
CALL BTCF(N,R2)
CALL FRQS(N,A,OMEGAC,OMEGCO,G12,G13,ITYPE)

REMARKS
DOUBLE PRECISION IS USED IN ALL THE COMPUTATIONS.
THE INPUTS AREZ OMEGCO,ATCO,N AND ITYPE,.
THE OUTPUT IS OMEGAC.

SUBROUTINT DPLX(CMEGCO,ATCO,N,OMEGAC,A,ITYPE)
DOUBLE PRECIS.ON OMEGAL,OMEGCO,OMEGAC,AT1 ,ATCO,W1,W2,G12,G13,A(1)
1,AA

ALPHA=,618
IF(N.EQ.G) N=2
10 CALL BTCF(N,a)
Wl=0.
W2=0OMEGCO
1 OMEGAC=W1+ALPHA*{W2-W1)
CALL FRQS(XN,A,OMEGAC,OMEGCO,G12,G13,ITYPE)
IF{(Gi12-ATCO) 15,5,2
IF(Gl2- -.vl*AmCO) 5,5,3
W1=0OMEGAC
GO TO 1
15 wW2=0OMEGAC
GO TO 1
5 WRITE(E, 6C)QV“GHC G12
60 FORMA.,S‘ "OMEGAC="',D20.12,5%,'ATCO=",D20.12)
RETURN
END
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PURFQOSE
THEZ PROGRAM IS FOR THE CALCULATION OF THE ELEMENT VALUES OF

AN OPTIMUM BUTTERWORTH LOW-PASS LADDER NETWORK TERMINATED
IN A RESISTIVE GENERATOR WITH INTERNAL RESISTANCE R1 AND
A PARALLEL RC LOAD.

USAGE
CALL BTNR(W,R1,R,C,OMEGAC,ALC)

N - THE CRDER OF THE BUTTERWORTH RESPONSE.

R1 - THE INTERNAL RESISTANCE OF THE SOURCE.

R - THE RESISTANCE OF THE LOAD.

C - THE CAPACITANCE OF THE LOAD,

CMEGAC - THE CUT-OFF FREQUENCY OF THE BUTTERWORTH NETWORK IN

RADIANS PER SECOND.

ALC - THE ELEMENT VALUES OF THE BUTTERWORTH NETWORK.
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED

NONE,
REMARKS

ZCISION IS USED IN ALL THE COMPUTATIONS.
S ARE N,R1,R,C AND OMEGAC.
T IS ALC.

DOUBLE PR
THE ITNPUT
THE OUTPU

SUBROUTINE ®INK(N,R!,R,C,OMEGAC,ALC)

REAL*8 NT

DOUBLE PRECISION R,R1,C,C1,0OMEGAC,PI,XP,XQ,AK,B,DELTA,RA
1,RB,RC,RD,RE,2LC(1)

PI=3,14158265355898

XP=R*C*OMEGAC

XO=2.*DSIN(PI/(2.%5N})

IF(XP,LT.X0) GC TC 20

10 DELTAE=1,0-%Q/%P

Cl=C
AR=1.-DEITA** (2*N)
GO TO 30
20 DELTA=0.
AK=1,

Cl=XD (R*OMEGHLT)
30 B=DELTA**K
NT=DSORT(RI* (2. +B)/(R*(1.-BJ))

/

WRITE(u, 50 DELTA, AK, NT

50 FORMAT('1',62x, 'Dil7h= ' ,D20.12/3X,"'AKs= ',D20.12/3%,'NT =',D23.1
12/)
ALC

(1;=Cl-C
WRITE(6,€65:ALC(1)
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60 FORMAT(3%,'C( 1)
J=N/2
DO 90 M=1,J
RA=PI*(4*M-3)/(2.*N)
RB=PI*(4*M-2)/(2,*N)
RC=PI*(4*M-1)/(2.*N)
MM=2*M
ALC(MM)=4 ,*DSIN(RA)*DSIN(RC)/{C1*OMEGAC**2*(1,.~-2.*DCOS(RB) *
4DELTA+DELTA**2))
WRITE(6,65)MM,ALC(MM)
65 FORMATI(3X,'L(',I2,')= ',D20.12)
IF(MM-N) 70,90,90
70 RD=PI*4*M/(2.*N)
RE=PI*(4*M+1)/(2.%N)
Cl=4.*DSIN(RC)*DSIN(RE)/(ALC(MM)*OMEGAC**2*(1,-2.*DELTA*DCOS(RD)
5+-DELTA**2))
MM1=MM+1
ALC(MM1)=Cl
WRITE(E,80)MM1,ALC(MM1)
80 FORMAT(3X,'C(',12,')= ',D20.12)
90 CONTINUE
100 RETURN
END

',1X,D20.,12)
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SUBROUTINE BTCF

PURPOSE
THE PROGRAM IS FOR THE COMPUTATION OF THE COEFFICIENTS OF
THE BUTTERWORTH POLYNOMIAL OF ORDER N,

USAGE

CALL BTCF(N,A)

N - THE ORDER OF THE BUTTERWORTH RESPONSE,

A - THE VALUES OF THE BUTTERWORTH COEFFICIENTS.
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED

NONE.
REMARKS

DOUBLE PRECISION IS USED IN ALL THE COMPUTATIONS.
THE INPUT IS N.
THE OUTPUT IS A.

OO0OOCOOO0OO00000000O00O00000n

SUBROUTINE BTCF(N,A)
DOUBLE PRECISION A(1l),aA,PI
PI=3.1415926535898
NN=N-1
AA=1,
A(l)=AA
DO 10 1U=1,NN
AA=AA*DCOS((IU-1)*PI/(2*N))/DSIN(IU*PI/(2*N))
A(IU+1)=AA
10 CONTINUE
NN=N+1
A(NN)=1.
RETURN
END
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SUBRCUTINE POLY

PURPOSE

THE PROGRAM IS FOR THE EVALUATICN OF THE VALUES OF
A COMPLEX POLYNOMIAL AT A FIXED RADIAN COMPLEX
FREQUENCY Y.

USAGE

CALL POLY(N,A,Y,Q)

0> 2

THE ORDER OF THE POLYNOMIAL.

THE POLYNOMIAL COEFFICIENTS.

THE RADIAN COMPLEX FREQUENCY.

THE VALUE OF THE POLYNOMIAL EVALUATED AT Y.

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED

NONE.

REMARKS

DOUBLE PRECISION IS USED IN ALL THE COMPUTATIONS.
THE INPUTS ARE N,A AND Y,
THE OUTPUT IS Q.

SUBROUTINE POLY (N,A,Y,0Q)
COMPLEX*16 Y,Q
DOUBLE PRECISION A(1l)

NN=N+1
0=0.

DO 10 IU=1,NN
Q=Q+A(IU)*Y**(1U~-1)

CONTINUE
RETURN
END
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C SUBROUTINE FRQS
C
C PURPOSE
o THE PROGRAM 1S FOR THE EVALUATION OF THE MAGNITUDE RESPONSE
o OF A SYMMETRICAL DIPLEXER COMPOSED OF TWO CANONICAL
Lo C BUTTERWORTH NETWORKS AT A FIXED RADIAN FREQUNCY OMEGA.
K C
K- C USAGE
ko C CALL FRQS(N,A OMEGAC,OMEGA,Gl12,Gl13,ITYPE)
. o
\ C N ~ THE ORDER OF THE BUTTERWORTH RESPONSE.
S C A - THE BUTTERWORTH COEFFICIENTS.
e C OMEGAC - THE CUT-OFF FREQUENCY OF THE LOWPASS BUTTERWORTH
Tn . C NETWORK IN RADIAN,
n s C OMEGA - THE RADIAN FREQUENCY.
L c Gl2 - THE TRANSDUCER POWER GAIN FROM PORT 1 TO PORT 2 AT
) C A FIXED FREQUENCY OMEGA.
e C G13 - THE TRANSDUCER POWER GAIN FROM PORT 1 TO PORT 3 AT
NN C A FIXED FREQUENCY. .
o o ITYPE - 0, Gl2 AND G133 ARE IN RATIO.
N o - 1, G12 AND G13 ARE IN DB.
AN C
A o SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
e C CALL POLY(N,A,Y,Q)
oy C
A o REMARKS
N C DOUBLE PRECISION IS USED IN ALL THE COMPUTATIONS.
0 C THE INPUTS ARE N,A,OMEGAC AND OMEGA.
g C THE OUTPUTS ARE Gl2 AND G13.
C
(7. SUBROUTINE FRQS(N,A,OMEGAC,OMEGA,Gl12,Gl3,ITYPE)
e COMPLEX*16 Y,Y1,Y2,PP1,QQ1,PP2,002,01,02,58D,512,5813,21,22
=N DOUBLE PRECISION OMEGA,OMEGAC,A(1),IMAG,Gl2,G13,REAL
o Y=DCMPLX(0.0D0 ,OMEGA)
o Y1=Y/OMEGAC
D) CALL POLY(N,A,Y¥1,01)
o ¥Y2=Y*OMEGAC
o CALL POLY (N,A,Y2,0Q2)
[ PP1=Ql-Y1**N
o QQi=Ql+Y1**N
by PP2=02-1,
Q02=02+1,
o SD=PP1*CQ2+PP2*Q01+QQ1*0Q2
. $12=2.*QQ2/SD
o §13=2.*(Y2**N)*QQ1/SD
™ G12=CDABS(S12)
Lo G13=CDABS(513)
°.- Z1=(Ql-Y1**N)/(Ql+Y1**N)
= 22=(Q2-1.)/(Q2+1.,)
o IF(ITYPE.NE,O) RETURN
v G12=-20.*DLOG10(G12)
oo G13=-20.*DLOG10(G13)
e RETURN
- END
)
R
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SUBROUTINE PLOT1

PURPQOSE
THE PROGRAM IS FOR THE PLOTTING ONE OR MORE CURVES
(UP TO SIX) ON ONE PLOT BY A LINE PRINTER.

USAGE
CALL PLOT1(X,Y,N,DY,M)

X - A ONE-DIMENSIONAL ARRAY.
Y ~ A TWO-DIMENSIONAL ARRAY.
N - THE NUMBER OF POINTS FOR EACH CURVE TO BE PLOTTED,
DY - THE SCALE FACTOR OF Y.
DY WILL BE DETERMINED AUTOMATICLY IF SET DY=0,
M - THE NUMEBER OF CURVES TO BE PLOTTED ON

A SINGAL PLOT,

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE.

SUBROUTINE PLOT1(X,Y,N,DY, M)
INTEGER ROW(81),STAR,BLANK,POINT,S3,S54,S5,PLUS
DATA STAR,BLANK,POINT,PLUS,$3,S4,585,5S6/1H*,1H ,1H.,1H+,1H-,1HS, 1H:
1,1Hs/
DIMENSION X(N),Y(N,M)
VMIN=1.E1l0
YMAX%=-1,E-10
DO 5 I=1,81
5 ROW(I)=BLANK

DO 10 J=1,M
DO 10 I=1,N
IF(Y(I,J).GT.¥YMAX) YMAX=Y(1,J)

10 1F(Y(I1,J).LT.YMIN) ¥YMIN=Y(I,J)
D=DY
IF(DY.EQ.0.) D= (YMAX-YMIN) /100,
IF(YMAX.LT.0.0OR .YMIN,.GT.0.) GO TO 15
NZ=-YMIN/D+1
ROW(NZ)=POINT

15 CONTINUE
NN=N-4
WRITE(6,20)

20 FORMAT('1l',5X,'X(I)',8%,'Y(I1,1)")
WRITE(6,25)

25 FORMATI(37X,'+" ,8('=====--=- +'))
DO 30 L=1,NN,5
DO 90 LL=1,5
I=L+LL-1
IF(I.NE.N) GO TO 32
DO 30 K=1,72,10
ROW(K)=PLUS
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DO 30 KK=1,9

K1l=K+KK

ROW(K1)=S3

GO TO 34

ROW(1)=85

ROW(81)=S5

IF(LL.EQ.5) ROW(1l)=PLUS
IF(LL.EQ.5) ROW(81)=PLUS
CONTINUE

DO 50 J=1,M
NY=(Y(I,J)-YMIN)/D+1.5
IF(NY.GT.81) GO TO 50

GO TO (41,42,43,44,45,46), J
ROW(NY)=POINT

GO TO 50

ROW(NY)=STAR

GO TO 50

ROW(NY)=PLUS

GO TO 50

ROW(NY)=S3

GO TO 50

ROW(NY) =S4

GO TO 50

ROW(NY) =S5

CONTINUE

WRITE(6,60) X(I),Y(I,1),ROW
FORMAT(1X,2E13.6,10X,81A1)
DO 80 K=1,81

ROW (K ) =BLANK

CONTINUE

RETURN

END
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SUBROUTINE CRT1

PURPOSE
THE PROGRAM 1S FOR THE PRINTING OF THE CONFIGURATION
AND THE ELEMENT VALUES OF A LADDER LOW-PASS
LOSSLESS NETWORK TERMINATED IN A RESISTANCE LOAD.

USAGE |
CALL CRT1(R,ALC,N)

N - THE ORDER OF THE NETWORK.
R - THE RESISTANCE OF THE LOAD.
ALC - THE ELEMENT VALUES OF THE LADDER NETWORK.

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE.

REMARKES
DOUBLE PRECISION IS USED.
THE INPUTS ARE R,ALC AND N,
TrHE OUTPUTS ARE THE VALUES OF THE ELEMENTS.

AOOO0OO0OO0O00O00O000000000000n0n0n

SUBRCUTINE CRT1(R,ALC,N)

DOUBLE PRECISION R,ALC(1)

WRITE(€E,5)

FORMAT('1l',3X, 'CIRCUIT CONFIGURATION'//)

o

WRITE(6,30) M, LC(M)
30 FORMAT(4(3X,'|',23%,'|"'/)
33X, ), (=), ‘C‘ 11(‘ '), ,11x%,'c(',12,')=",D20.12, 3%,
$'F'/3(3X%,']",23%," l /)
MM=M+1
IF(MM_GT.N) GO TO 20
WRITE(6,40) MM,ALC(M+1)
40 rORMAT(BX,'|',23x,'L',11x,'L(',12,')=',D20.12,2x,
5' H")
20 CONTINUE
WRITE(6,10)R
10 FORMATI(3(3X,'|',23%X,'|"/),
14%,21¢('~"),'R",11('-"),11X,'R=",D24,12,2%X,"'OHM")
RETURN
END
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SN C SUBROUTINE CRT2
CERN C
N C PURPOSE
o C THE PROGRAM IS FOR THE PRINTING OF THE CONFIGURATION AND
{ C THE ELEMENT VALUES OF A LADDER HIGH-PASS LOSSLESS
N C NETWORK TERMINATED IN AN RESISTIVE LOAD,
e C
P C USAGE
;g:- C CALL CRT2(R,C,ALC,N)
=" C
) c N - THE ORDER OF THE NETWORK,
s C R - THE RESISTANCE OF THE LOAD.
o o ALC - THE ELEMENT VALUES OF THE LADDER NETWORK.
.:__.-, C
e C SUBROUTINES AND FUNCTION SUBRROGRAMS REQUIRED
J —..’ C NONE .
C
oy C REMARKS
[ C DOUBLE PRECISION IS USED.
N C THE INPUTS  ARE R,C,ALC AND N.
- C THE OUTPUT IS THE ELEMENT VALUES.
N C
y C
e SUBROUTINE CRT2(R,ALC,N)
e DOUBLE PRECISION R,ALC(1)
WRITE(6,5)
S FORMAT('1l',3X,'CIRCUIT CONFIGURATION'//)
A DO 20 M=1,N,2
(- WRITE(6,30) M,ALC(M)
, 30 wOQMAT(4(3x, \ 223X, )
2 33%,'|',11(0 =), 'L' 11('- "), |',11X,'L(",12,"')=",D20.12, 3X%,
o~ ¢’ P"3(3X 1,23 | /))
o MN M+1
o F(MM.GT.N) GO TO 20
A WPITE 6,40) MM,ALC(M+1)
D 40 FORMAT(3X,'|',23X,'C',11X,'c(',I2,')=",D20.12,2X,
o 5'" F'/)
e 20 CONTINUE
o WRITE(6,10)R
a8 10 FORVAT(3(3X ' 3 Y/
b 1 4%,11('-" ) ,11(°- ') '11X,'R=',D24.12,2X, 'OHM')
RETURN
> END
-
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APPENDIX D:

Program Package for the Design of Filters, Diplexers and

Multiplexers

(Kept in Account U29459)

Apr. 17, 1986
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SUBROUTINE DPLX

.

‘5‘.1

PURPOSE
THE PROGRAM IS TO DESGIN A SYMMETRICAL DIPLEXER COMPOSED OF
TWO BUTTERWORTH NETWORKS AND TO DETERMINE THE 3 DB CUT-
OFF RADIAN FREQUENCY OF THE LOW-PASS ONE FOR SATISFING
THE GIVEN ATTENUATION AT CROSSOVER FREQUENCY.

- S
LR
Y

USAGE
CALL DPLX(OMEGCO,ATCO,N,OMEGAC,ITYPE)

OMEGCO THE CROSSOVER FREQUENCY IN RADIANS PER SECOND.

ATCO THE ATTENUATION AT THE CROSSOVER FREQUENCY.

N - THE ORDER OF BUTTERWORTH RESPONSE.

OMEGAC THE CUT-OFF FREQUENCY OF THE BUTTERWORTH NETWORK IN
RADIANS PER SECOND.

0, ATCO IS IN RATIO.

1, ATCO IS IN DB.

«a
1l
L}

ITYPE
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RO

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
CALL BTCF(N,A)
CALL FRQS(N,A,OMEGAC,OMEGCO,Gl12,G13,ITYPE)

1oy & 4

KRR
lt‘ll

REMARKES
DOUBLE PRECISION IS USED IN ALL THE POMPUTATION.
THE INPUT DATUM ARE OMEGCO,ATCO,N,ITYPE.
THE OUTPUT DATUM ARE COMEGAC.
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SUBROUTINE DPLX(OMEGCO,ATCO,N,OMEGAC,A,ITYPE)
DOUBLE PRECISION OMEGAl,OMEGCO,OMEGAC,AT1,ATCO,W1l,W2,G12,G13,A(1)
1,AA
ALPHA=,618
IF(N,EQ.0) N=2
10 CALL BTCF(N,A)
Wl=0.
W2=0OMEGCO
1 OMEGAC=W1+ALPHA*(W2-W1)
CALL FRQS(N,A,OMEGAC,OMEGC0O,G12,G13,ITYPE)
IF(G12-ATCO) 15,5,2
IF(G12-1.01*ATCO) 5,5,3
W1=0OMEGAC
GO TO 1
15 W2=OMEGAC
GO TO 1
5 WRITE(6,60)0MEGAC,Gl12
60 FORMAT(5X,'OMEGAC=',D20.12,5X, 'ATCO="',D20.12)
RETURN
END
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SUBROUTINE MPLX

PURPOSE
THE PROGRAM IS FOR THE EVALUATION OF FREQUUENCY RESPONSE
OF A MULTIPLEXER COMPOSED OF A MULTI-PORT CIRCULATOR AND
THE BUTTERWORTH NETWORKS.

USAGE
CALL MPLX(N,M,OMEGA,OMEGAE,G21M)
N - THE ORDER OF THE BUTTERWORTH RESPONSE.
M - THE NUMBER OF CHANNELS.
OMEGA - THE RADIAN FREQUENCY. o
OMEGAE - THE EDGE FREQUENCIES OF THE BAND-PASS RESPONSE.
DG21M - THE TRANSDUCER POWER GAIN,
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE .
REMARKS

DOUBLE PRECISION IS USED IN ALL THE COMPUTATIONS.
THE INPUT VALUES ARE N,M, OMEGA,OMEGAE.
THE OUTPUT IS G21M.

SUBROUTINE MPLX(N,M,OMEGA,OMEGAE,G21M)

DOUBLE PRECISION OMEGA,OMEGAB,OMEGAE(10,2),0MEGAO(10),G21(10),
1G11(10),DG21M(10),B{(10),G21M(M)

DO 10 I=1,M

OMEGAO(I)=(OMEGAE(I,1)*OMEGAE(I,2))**0.5
B(I)=OMEGAE(I,2)-OMEGAE(I,1)

OMEGAB= (OMEGAO(1)/B(1))*(OMEGA/OMEGAO(I)~OMEGAO(I)/OMEGA)
G21(1)=10.*DLOG10(1.+ OMEGAB**(2*N))
G11(1)=10.*DLOG10(1.+(1./OMEGAB)**(2*N))

IF(I.NE.1) GO TO 5

G21M(1)=G21(1)

DG21M(I)=G11(1)

GO TO 10

DG21M(I)=DG21M(I-1)+G1l1(I)

G21M(I)=G21(I)+DG21M(1-1)

CONTINUE

RETURN

END
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SUBROUTINE BPT

PURPOSE
THE PROGRAM IS FOR THE EVALUATION OF THE ELEMENT VALUES OF
A BANDPASS FILTER FROM THE LOWPASS FILTER.

USAGE
CALL BPT(N,OMEGAl,OMEGA2,ALC,AL,AC)
N - THE ORDER OF THE FILTER.
OMEGAl - THE EDGE FREQUENCIES OF THE BAND-PASS RESPONSE.
OMEGA2 - THE EDGE FREQUENCIES OF THE BAND-PASS RESPONSE.
ALC - THE VALUES OF THE ELEMENTS OF LOW-PASS FILTER.

AL - - THE VALUES OF THE INDUCTANCES OF BANDPASS FILTER.

AC - THE VALUES OF THE CAPACITANCES OF BANDPASS FILTER.
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE.
RFMARKS

DOUBLE PRECISION 1S USED IN ALL THE COMPUTATIONS.
THE INPUT VALUES ARE N,OMEGAl,OMEGA2 AND ALC.
THE OUTPUT IS AL AND AC,

OO0OOO00000N0OO0O000000N0000000O00n

SUBROUTINE BPT(N,OMEGAl,OMEGA2,ALC,AL,AC)
DOUBLE PRECISION OMEGAl,OMEGA2,ALC(N),AL(N),AC(N),OMEGAO,B
OMEGAO= (OMEGA1*OMEGA2)**0,5
B=OMEGA2-OMEGAl
DO 10 J=1,N,2
AL(J)=ALC(J)/B
10 AC(J)=B/(ALC(J)*OMEGAO**2)
DO 20 J=2,N,2
AC(J)=ALC(J)/B
20 AL(J)=B/(ALC(J)*OMEGAO**2)
DO 40 J=1,N
40 WRITE(6,50) J,AL(J),J,AC(J)
50 FORMAT(10X,'AL(',I12,')=',D20.12,5%X,'AC(',12,')="',D20.12)
RETURN
END
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b C SUBROUTINE BTCF
LNy, C ’
{ C PURPOSE
N C THE PROGRAM IS FOR THE EVALUATION OF THE COEFFICIENTS OF
e C A BUTTERWORTH POLYNOMIAL WITH THE ORDER N,
Ko c RC LOAD.
- g USAGE
) C CALL BTCF(N,A)
D
Nt C N - THE ORDER OF BUTTERWORTH RESPONSE.
ﬁg C A - THE VALUES OF BUTTERWORTH COEFFICIENTS.
Py C , . . - — .
RN C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
C NONE. : . :
L~ C
R, C REMARKES
2 C DOUBLE PRECISION IS USED IN ALL THE COMPUTATION.
VO C THE INPUT DATUM IS N,
e C THE OUTPUT DATUM ARE A.
) C
e SUBROUTINE BTCF(N,A)
s DOUBLE PRECISION A(l),AA,PI
5% PI1=3,1415926535898
oot NN=N-1
o AA=1,
5 A(1)=aA
L DO 10 IU=1,NN
o AA=AA*DCOS((IU-1)*PI/(2*N))/DSIN(IU*PI/(2*N))
.S A(IU+1)=AA
i 10 CONTINUE
Y NN=N+1
e A(NN)=1,
) RETURN
*o END
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SUBROUTINE BTNK

PURPOSE
THE PROGRAM IS FOR THE EVALUATION OF THE ELEMENT VALUES OF
AN OPTIMUM BUTTERWORTH NETWORK TERMINATED IN A RESISTIVE
GENERATOR WITH INTERNAL RESISTANCE Rl AND A PARALLEL

RC LOAD.
USAGE
CALL BTNK(N,R1,R,C,OMEGAC,ALC)
N - THE ORDER OF BUTTERWORTH RESPONSE.
R1 - THE INTERNAL RESISTANCE OF THE SOURCE.
R - THE RESISTANCE OF THE LOAD.
C -~ THE CAPACITANCE. OF THE .LOAD. .
OMEGAC - THE CUT-OFF FREQUENCY OF THE BUTTERWORTH NETWORK IN

RADIANS PER SECOND.
ALC - THE VALUES OF THE ELEMENTS OF BUTTERWORTH NETWORK.

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE.

REMARKES
DOUBLE PRECISION IS USED IN ALL THE COMPUTATION.,
THE INPUT DATUM ARE N,R1,R,C AND OMEGAC.
THE OUTPUT DATUM ARE ALC.
SUBROUTINE BTNK(N,R1l,R,C,OMEGAC,ALC)
REAL*8 GAMMA,NT
DOUBLE PRECISION R,R1,C,Cl,0MEGAC,PI,XP,XQ,AK,B,DELTA,RA
1,RB,RC,RD,RE,ALC(1)
PI=3.1415926535898
XP=R*C*OMEGAC
XQ=2.*DSIN(PI/(2,.*N))
IF(XP.LT.XQ) GO TO 20
10 DELTA=1,0-XQ/XP
Cl=C
AK=1,-DELTA** (2*N)
GO TO 30
20 DELTA=0,
AK=1,
Cl=XQ/(R*OMEGAC)
30 B=DELTA**N
NT=DSQRT(R1*(1.+B)/(R*(1.-B)))
WRITE(6,50)DELTA,AK,NT

50 F??MAT('I',ZX,'DELTA= ',D20.12/3X%, 'AK= ',D20.12/3X,'NT =',D23.,1
12 ,
ALC(1)=Cl-C
WRITE(S,60)ALC(1)
60 FORMAT(3X,'C( 1)=',1X,D20.12)
J=N/2
DO S0 M=1,J

RA=PI*(4*M-3)/(2,*N)
RB=PI*{4*M-2)/(2.%*N)
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RC=PI*(4*M-1)/(Z.*N)
MM=2*M
ALC(MM)=4,*DSIN(RA)*DSIN(RC)/(C1*OMEGAC**2%(1,-2.*DCOS(RB)*
4DELTA+DELTA**2))
WRITE(6,65)MM,ALC{(MM)
65 FORMAT(3X,'L(',12,')= ',D20.12)
IF(MM-N) 70,90,90
70 RD=PI*4*M/(2.*N)
RE=PI*(4*M+1)/(2.*N)
Cl1l=4.*DSIN(RC)*DSIN(RE)/(ALC(MM)*OMEGAC**2*(1,-2.*DELTA*DCOS(RD)
S+DELTA**2))
MM1=MM+1
ALC(MM1)=Cl
WRITE(6,80)MM1,ALC(MM1) ,
80 FORMAT(3X,'C(',12,')= ',D20.12) -
90 CONTINUE -
100 RETURN
END
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SUBROUTINE CBNK

PURPOSE
THE PROGRAM IS FOR THE EVALUATION OF THE ELEMENT VALUES OF
AN OPTIMUM CHEBYSHEV NETWORK TERMINATED IN A RESISTIVE
GENERATOR WITH INTERNAL RESISTANCE Rl AND A PARALLEL

RC LOAD.
USAGE
CALL CBNK(N,Rl,R,C,OMEGAC,EP,ALC)
N - THE ORDER OF CHEBYSHEV RESPONSE.
R1 - THE INTERNAL RESISSTANCE OF THE SOURCE.
R - THE RESISTANCE OF THE LOAD.
C -~ THE CAPACITANCE OF THE LOAD.

OMEGAC - THE CUT-OFF FREQUENCY OF THE CHEBYSHEV NETWORK IN
RADIANS PER SECOND, .
EP - THE RIPPLE COEFFICIENT OF THE CHEBYSHEV RESPONSE.

ALC - THE VALUES OF THE ELEMENTS OF CHEBYSHEV NETWORK.,
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE.
REMARKES

DOUBLE PRECISION IS USED IN ALL THE COMPUTATION.
THE INPUT DATUM ARE N,R1l,R,C,OMEGAC AND EP,
THE OUTPUT DATUM ARE ALC,.

SUBROUTINE CBNK(N,R1,R,C,OMEGAC,EP,ALC)
REAL*8 GAMMA,NT

DOUBLE PRECISION R,R1,C,Cl,OMEGAC,PI,XP,XQ,AK,B,DELTA,RA
1,RB,RC,RD,RE,ALC(1),ASINH,EP,A,Al
PI1=3,1415926535898

XP=R*C*OMEGAC

A=ASINH(1./EP)/N
XQ=2.*DSIN(PI/(2,.*N))/DSINH(A)
IF(XP.LT.XQ) GO TO 20
DELTA=EP*DSINH(N*ASINH((1.-XQ/XP)*DSINH(A)))
Cl=C

AK=1.-DELTA**2

GO TO 30

DELTA=0.

AK=1.
Cl=2.*DSIN(PI/(2*%N))/(R*OMEGAC*DSINH(A))
WRITE(6,35)Cl
FORMAT('1',2X,'Cl="',4%X,D20,12)
Al=ASINH(DELTA/EP)

J=N/2

IF(2*J.EQ.N) GO TO 40
BO=2.**(1-N)*DSINH(N*A)
BO1=2,**(1-N)*DSINH(N*Al)

GO TO 50

BO=2.**(1-N)*DCOSH(N*A)
BO1l=2.**(1-N)*DCOSH(N*Al)
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e
Rt
N 50 NT=((R1*(BO+BO1l))/(R*(BO-BO1)))**0.5
e WRITE(6,55)DELTA, AK,NT
M 55 FORMAT(3X,'DELTA= ',D20.12/3X,'AK= ',D20.12/3X%,'NT =',D23.12/)
{ ALC(1)=C1-C
>3 WRITE(6,60)ALC(1)
e 60 FORMAT(3X,'C( 1)=',1X,D20.12)
M J=N/2
o DO 90 M=1,J
NN RA=PI*(4*M-2)/(2.*N)
') RB=PI*(4*M-3)/(2.*N)
.. RC=PI*(4*M-1)/(2,.*N)
0,7~ F=4.*(DSINH(A)**2+DSINH(Al)**2+DSIN(RA)**2-2 ,*DSINH(A) *DSINH(Al)
o 1*DCOS(RA))
2 MM=2*M a S ~
o ALC (MM)=16.*DSIN(RB)*DSIN(RC)/(OMEGAC**2*F*Cl)
WRITE(6,65)MM,ALC (MM) = _
b 65 FORMAT(3X,'L(',I12,')= ',D20.12)
v IF(MM-N) 70,90,90
N 70 RD=PI*4*M/(2.*N)

RE=PI* (4*M+1)/(2,*N)
F=4.*(DSINH(A)**2+ DSINH(Al)**2+DSIN(RD)**2-2 *DSINH(A)*DSINH(Al)
2*DCOS(RD))
MM1=MM+1
Cl=16.*DSIN(RC)*DSIN(RE)/(OMEGAC**2*F*ALC(MM))
ALC(MM1)=Cl
WRITE(6,80)MM1,ALC(MM1)

80 FORMAT(3X,'C(',12,')= ',D20.12)

90 CONTINUE

100 RETURN
END
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SUBROUTINE FRQS1

PURPOSE
THE PROGRAM IS FOR THE EVALUATION OF THE MAGANITUDE RESPONSE
OF A RATIONAL FUNCTION.

USAGE
CALL FRQS1(NA,NB,A,B,OMEGA,G,ITYPE)
NA - THE DEGREE OF THE NUMERATOR POLYNOMIAL.
NB - THE DEGREE OF THE DENOMINATOR POLYNOMIAL
A - THE COEFFICIENTS OF THE NUMERATOR.
B - THE CIEFFICIENTS OF THE DENOMINATOR,
OMEGA - THE RADIAN FREQUENCY.
G - THE MAGANITUDE EITHER IN RATIO AR IN DB.
ITYPE - 0 G 1S IN DB,

- 1G IS IN DB.

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
POLY(N,A,Y,Q)

REMARKES
DOUBLE PRECISION IS USED IN ALL THE COMPUTATION.
THE INPUT DATUM ARE NA,NB,A,B,OMEGA AND ITYPE,
THE OUTPUT DATA IS G.

SUBROUTINE FRQS1(NA,NB,A,B,OMEGA,G,ITYPE)
DOUBLE PRECISION A(NA),B(NB),OMEGA,G,REAL,IMAG
COMPLEX*16 Y,QA,QB

Y=DCMPLX(0.D0O,OMEGA)

NA=NA-1

NB=NB-1

CALL PCLY (NA,A,Y,QA)

CALL POLY (NB,B,Y,QB)
C=(REAL(QA)**2+IMAG(QA)*%*2)}*%x((0,5)
G=(REAL(QB)**2+IMAG(QB)**2)**(0.5) /G
IF(ITYPE.EQ.0) G= 20.*DLOGl0(G)

NA=NA+1

NB=NB+1

RETURN

END
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SUBROUTINE FRQS

PURPOSE
THE PROGRAM IS FOR THE EVALUATION OF THE MAGNITUDE RESPONSE
OF A SYMMETRICAL DIPLEXER COMPOSED OF TWO CANONICAL
BUTTERWORTH NETWORKS AT A FIXED RADIAN FREQUNCY OMEGA.

USAGE
CALL FRQS(N,A OMEGAC,OMEGA,Gl2,Gl1l3,ITYPE)
N - THE ORDER OF BUTTERWORTH RESPONSE.
A - THE BUTTERWORTH COEFFICIENTS.
OMEGAC -

THE CUT-OFF FREQUENCY OF THE LOWPASS BUTTERWORTH
NETWORK IN RADIAN. .
OMEGA - THE RADIAN FREQUENCY.
Gl2 THE TRANSDUCER POWER GAIN FROM PORT 1 TO PORT 2 AT
THE FIXED FREQUENCY OMEGA.
G132 - THE TRANSDUCER POWER GAIN FROM PORT 1 TO PORT 3 AT
THE FIXED FREQUENCY.

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
CALL POLY(N,A,Y,Q)

REMARKES
DOUBLE PRECISION IS USED IN ALL THE POMPUTATION.
THE INPUT DATUM ARE N,A,OMEGAC,OMEGA.
THE OUTPUT DATUM ARE G12,G13.

OOO0O0O0000000000000000n00000000000n

SUBROUTINE FRQS(N,A,OMEGAC,OMEGA,G12,Gl13,ITYPE)
COMPLEX*16 Y,Yl,Y2,PP1,Q0Q01,PP2,002,Q1,02,8D,S12,513,21,22
DOUBLE PRECISION OMEGA,OMEGAC,A(1),IMAG,Gl2,Gl13,REAL
Y=DCMPLX(0.0D0 ,OMEGA)

Y1=Y/OMEGAC

CALL POLY(N,A,Y1l,01)

Y2=Y*OMEGAC

CALL POLY (N,A,Y2,Q2)

PP1=Q1l-Y1**N

QQ1=Ql+Y1**N

PP2=02-1.

002=02+1,

SD=PP1*QQ2+PP2*0Q1+QQ1*QQ2

§12=2.*QQ2/SD

S13=2,*(Y2**N)*QQ1/SD
G1l2=(REAL(S12)**2+IMAG(S12)**2)**0 5
G13=(REAL(S13)**2+IMAG(S13)**2)**( 5
Z1={Ql-Y1**N)/(Ql+Y1**N)

22=(Q2-1.)/(Q2+1.)

IF(ITYPE.NE.C) RETURN

G12=-20.*DLOG10(G12)

G13=-20,*DLOG10(G13)

RETURN

END
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SUBROUTINE POLY

PURPOSE
THE PROGRAM IS FOR THE EVALUATION OF THE VALUES OF
A COMPLEX POLYNOMIAL AT A FIXED RADIAN COMPLEX
FREQUENCY Y.

USAGE
CALL POLY(N,A,Y,Q)

N - THE ORDER OF THE POLYNOMIAL.
A - THE POLYNOMIAL COEFFICIENTS.
Y - THE RADIAN COMPLEX FREQUENCY.
Q - THE VALUE OF THE POLYNOMIAL AT Y.
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE.
REMARKES

DOUBLE PRECISION IS USED IN ALL THE POMPUTATION,
THE INPUT DATUM ARE N,A AND Y.
THE OUTPUT DATUM IS Q.

SUBROUTINE POLY (N,A,Y,0Q)
COMPLEX*16 Y,Q

DOUBLE PRECISION A(1l)
NN=N+1

Q=0.

DO 10 IU=1,NN
Q=Q+A(IU)*Y**(IU-1)
CONTINUE

RETURN

END
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nﬂ:: C SUBRGUTINE DPLXAJ
+ e C
( C PURPOSE
A C THT PROGRAM IS TO DESGIN A DIPLEXER COMPOSED OF A THREE-PORT
-, C CIRCULATOR AND TWO BUTTERWORTH NETWORKS AND TO DETERMINE
Lo c THE ADJUSTMENT OF THE 3 DB CUT-OFF FREQUENCY IN EITHER
e C LOSS-PASS OR HIGH-PASS NETWORK.

f‘-f. C

) C USAGE

v C AL DPLXAJ(N,OMEGAC,OMGCL,OMGCH, ITYPE)

AL

o C N - THE ORDER OF BUTTERWORTH RESPONSE.
s C OMEGAC ~ THE CROSSOVER FREQUENCY IN RADIANS PER SECOND.
v C OMGCL - THE ADJUSTED FREQUENCY OF THE LOW-PASS NETWORK.

C OMGCH - THE ADJUSTED FREQUENCY OF THE HIGH-PASS NETWORK.

-~ C ITYPE - 1, THE ADJUSTED NETWORK IS A HIGH-PASS NETWORK.
N C 2, THE ADJUSTED NETWORK IS A LOWPASS NETWORK.

s ¢

~T .

e C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED

~ C NONE.

A A C
b C REMARKES

5o C DOUBLE PRECISION IS USED IN ALL THE POMPUTATION,

s C THE INPUT DATUM ARE N,OMEGAC,ITYPE.TYPE.

o C THE OUTPUT DATUM IS EITHER OMGCL OR OMGCH.

R C

N SUBROUTINE DPLXAJ(N,OMEGAC,OMGCL,OMGCH, ITYPE)
( DOUBLE PRECISION OMEGAC,OMGCL,OMGCH, OMGAJ

o OMGAJ=(2./(1.+ OMEGAC**(4*N)) -1.)**(1./(2*N))/OMEGAC

o GO TO (1,2),ITYPE

S 1 OMGCH=0MGAJ

o OMGCL=0MEGAC
e WRITE(6,10)OMEGAC,OMGCL,OMGCH
) 10 FORMAT{('0',5X, 'OMEGAC=',D20.12,5X, 'OMGCL="',D20.12,5X, 'OMGCH=",
v 1D206.12//)
'L GO TC 20
Ao 2 CMGCL=1./0OMGAJ

Yt OMGCH=1. /OMEGAC
B WRITE(6,15)0OMEGAC, OMGCL,OMGCH

° 15 FORMAT!{'(',5X, 'OMEGAC=',D20.12,5X, 'OMGCL="',D20.12,5X, 'OMGCH=",
RN 1D20.12,,)
o 20 RETURN

e END
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SUBROUCUTINE DPLACH

PURPOSE
THE PROGRAM IS FOR THE EVALUATION OF FREQUUENCY RESPONSE
OF 4 DIPLEXER COMPOSED OF A THREE-PORT CIRCULATOR AND
TW3 BUTTERWORTH NETWORKS.
USAGE
Cx: L DPLAZH(N,OMGCL,OMGCH,OMEGA,Gl,G2,GA, ITYPE)
N - THE ORDER OF BUTTERWORTH RESPONSE.
OMGCL - THE CUT-OFF FREQUENCY OF THE LOW-PASS BUTTERWORTH
NETWORK IN RADIANS PER SECOND.
OMGCH -~ THE CUT-OFF FREQUENCY OF THE HIGH-PASS BUTTERWORTH
NETWORK IN RADIAN PER SECOND.
Gl - THE TRANSDUCER POWER GAIN OF THE LOW-PASS CHANNEL.
G2 - THE TRANSDUCER POWER GAIN OF THE HIGH-PASS CHANNEL,

SCERSUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE,

REMARKES
DOU3LE PRECISION IS USED IN ALL THE POMPUTATION,.
THE INPUT DATUM ARE N,OMGCL,OMGCH,OMEGA.

iZ CUTPUT DATUM ARE G1,G2.

3
1

C
C
C
C
C
C
c
C
C
c
C
c
C
C
C
C
C
C
C
C
C
C
C
C
c
C
C

IPLXCH (N, OMGCL,OMGCH,OMEGA,G1,G2,GA,ITYPE)
10N OMGCL,OMGCH,OMEGA,G1,G2,GA

.+ (OMEGA/OMGCL)** (2%N))
{OMGCH/OMEGA)** (2*N) )

{1, (OMEGA /OMGCH)** (2*N))
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SUBRCUTINE CRT

PJRPOSE
THE PROGRAM IS FOR PRINTING THE CONFIGURATION AND THE
THE ELEMENT VALUES OF A CASCADE LOW-PASS LOSSLESS
NETWORK TERMINATED IN A RC PALLEL LOAD.

USAGE

CALL CRTI(®R,C,ALC,N)

N - THE ORDER OF THE NETWORK,

R - THE RESISTANCE OF THE LOAD.

C - THE CAPACITANCE OF THE LOAD.

ALC -~ THE VALUES OF THE ELEMENTS OF CHEBYSHEV NETWORK.
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED

NONE .
REMARKES

DOUBLE PRECISION IS USED.
THE INPUT DATUM ARE R,C,ALC AND N,
THE OUTPUT DATUM ARE THE VALUES OF THE ELEMENTS.

SUBROUTINE CRT(R,C,ALC,N)
DOUBLE PRECISION R,C,ALC(1)
WRITE(6,10)R,C

10 FORMAT('1',7X,7('='),'R',7('-"),16X,'R=",D24.12,2X,'OHM"'/
1 207X, " {",15%," | " /)3Kk,2("'=-~=~" 178} /2(2(3%, ' |'),15%,2("|',3X
2 y/y3%, ", ax,7('=-"),'c',7('-"),16X,'C= ',D20.12,2X,' F')
DO 20 M=1,N,2
WRITE(6,30) M,ALC(M)
30 FORMAT( 4(3%,'[",23%,'|"'/)
3 3%, ,11('="),'¢c",11('-"),"|"',11%x,'¢c(',12,"')=",D20.12, 3X,
4 "FUS3(3X, 0] ,23%, /)
MM=M+1
IF(MM.GT.N) GO TO 20
WRITE(6,40) MM,ALC(M+1)
40 FORMAT('+',2X,'|',23%,'L',11X,'L(',12,")=",D20.12,2X, .
5' H') ¥
20 CONTINUE
RETURN

END
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C
C
C
C
C
C
C
C
C
C
C
c
C
C
C
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C
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SUBROUTINE CRTI1

PURPOSE
THE PROGRAM IS FOR PRINTING THE CONFIGURATION AND THE
THE ELEMENT VALUES OF A CASCADE LOW~PASS LOSSLESS
NETWORK TERMINATED IN A RESISTANCE LOAD.

USAGE

CALL CRT1({R,ALC,N)

N - THE ORDER OF THE NETWORK.

R - THE RESISTANCE OF THE LOAD.

ALC - THE VALUES OF THE ELEMENTS OF CHEBYSHEV NETWORK.
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED

NONE.
REMARKES

DOUBLE PRECISION IS USED.
THE INPUT DATUM ARE R,ALC AND N,
THE OUTPUT DATUM ARE THE VALUES OF THE ELEMENTS.

SUBROUTINE CRT1(R,ALC,N)
DOUBLE PRECISION R,ALC(1)
WRITE(6,5)
5 FORMAT('1l',3X,'CIRCUIT CONFIGURATION'//)
DO 20 M=1,N,2
WRITE(6,30) M,ALC(M)

30 FORMAT( 4(3%,'|",23%,'|"’ /
3 1 1 '-v),'c',11('-"),"|,11x,'c(',12,')=",D20.12,3X,
4 'pv ’ lv,23x,vlt/))
MM=M+1

IF(MM.GT.N) GO TO 20
WRITE(€,40) MM,ALC(M+1)
40 FORMAT(3X,'|',23%,'L',11X,'L(',12,')=",D20.12,2X,
5' H')
20 CONTINUE
WRITE(6 lO)R
10 FORMAT(3(3

v 3 Iv/
1 4X, ll( ) =t

|2
'R, -'),11%x,'R=",D24.12,2X, 'OHM")

RETURN
END
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SUBRDUTINE CRT2

PURPOSE
THE PROGRAM IS FOR PRINTING THE CONFIGURATION AND THE
THE ELEMENT VALUES OF A CASCADE HIGH-PASS LOSSLESS
NETWORK TERMINATED IN A RESISTANCE LOAD,

USAGE

CALL CRT2(R,ALC,N)

N - THE ORDER OF THE NETWORK.

R - THE RESISTANCE OF THE LOAD.

ELC - THE VALUES OF THE ELEMENTS OF CHEBYSHEV NETWORK.
SUBRCUTINES AND FUNCTION SUBPROGRAMS REQUIRED

NONE.

REMARKES
DOUBLE PRECISION IS USED,
THE INPUT DATUM ARE R,ALC AND N.
THE OUTPUT DATUM ARE THE VALUES OF THE ELEMENTS,

C
C
C
C
C
C
C
C
C
C
C
C
c
C
C
c
C
C
C
C
C
C
C

SUBRQCUTINE CRT2(R,ALC,N)
DOUBLE PRECISION R,ALC(1l)
WRITE(6,5)
5 FORMAT('1l',3X, 'CIRCUIT CONFIGURATION'//)
DO 20 M=1,N,2

WRITE(6,30) M,ALC(M)

30 FORMAT(4(3X,'|',23X,’|’/)
33x,'i',11('—'),'L',11('—'),'|',11x,'L(',12,')=',D20.12,3x,
4"H'/3(3%,"1",23%,'|'/))

MM=M~+1
IF(M4.GT.N) GO TO 20
WRITE(E,40) MM,ALC(M+1)

40 FORMAT(3X,
5" F'/)

20 CONTINUE
WRITE(E,L0)R

|',23%,'C',11%X,'C(',I2,')=",D20.12, 2%,

10 FORMAT(3(3X,'|",23X%,"|'/),
1 4x,12('-"),'R',22('~-"),11X,'R=",D24.12,2X, 'OHM")
RETURN
END
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vy C SUBROUTINE PLOT1
."‘n C
’ o PURPOSE
y C THE PROGRAM IS FOR THE PLOTTING ONE OR MORE CURVES
ﬁg c (UP TO SIX) ON ONE PLOT BY A LINE PRINTER.
g c
a3 o USAGE
o g CallL PLOT1(X,Y,N,DY,M)
\ C ¥ - A ONE-DIMENSIONAL ARRAY.
A5 C Y - A TWO-DIMENSIONAL ARRAY IN WHICH EACH
N C COLUM REPRESENTS THE VALUES OF A VARIABLE.
oy C N - THE NUMBER OF POINTS FOR EACH CURVE TO BE PLOTTED.
N C DY - THE SCALE FACTOR OF Y.
' C DY WILL BE DETERMINED AUTOMATICLY IF SET DY=0.
C M - THE NUMEBER OF CURVES TO BE PLOTTED ON
‘N C A SINGAL PLOT.
f'\ C
i: C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
h~ C NONE.
i) SUBROUTINE PLOT1(X,Y,N,DY,M)
INTEGER ROW(81),STAR,BLANK,POINT,S3,S54,585,PLUS
= DATA STAR,BLANK,POINT,PLUS,S3,S4,585,5S6,N1,N2,N3,N4/1H*,1H ,1H.,lH+
. 1,1H-,1HS$,1H:,1Hs&,1H1,1H2,1H3,1H4/
- DIMENSION X(N),Y(N,M)
- YMIN=1.E10
5 YMAX=-1.E-10
g DO 5 [=1,81
fo 5 ROW{I)=BLANK J
4 DO 16 J=1,M :
2 DO Ao I=1,N !
A IF( ,J).GT.YMAX) YMAX=Y(I,J)
J 10 IF¢ y<$ J).LT.YMIN) YMIN=Y(I,J)
;) D=DY
e IF(DY.EQ.0.) D= (YMAX-YMIN)/80.
X IF(YMAX.LT.0.OR .YMIN.GT.0.) GO TO 15
a NZ=-YMIN/D+1
- ROW(NZ)=POINT
5 15 CONTINUE
a NN=N-4
° . WRITE(6,20)
jig 20 FORMAT('1l',5X,'X(1)',8%,'Y(1,1)")
) WRITE(6,25)
5 25 FORMAT (37X, '+',8('~~==--=~-~ +'))
o DO 90 L=1,NN,S
ol DO 9C LL=1,5
L ] I=L+LL-1
i IF(I.NE.N) GO TO 32
5 DO 30 K=1,72,10
o ROW (K ) =PLUS
- DO 30 KK=1,9
" K1=K+KK
, 30 ROW(K1)=53
b~ GG 0 34
.7 32 Row\l;-ss
” ROW(81)=
» 229
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o IF(LL.EQ.5) ROW(1)=PLUS
o~ IF(LL.EQ.5) ROW(81)=PLUS
¥ 34 CONTINUE
DO 50 J=1,M
N NY=(Y(I,J)-YMIN)/D+1.5
e IF(NY.GT.81) GO TO 50
N GO TO (41,42,43,44,45,46), J
S 41 ROW(NY)=Nl
oy GO TO 50
42 ROW(NY)=N2
GO TO 50
43 ROW(NY)=N3
GO TO 50
44 ROW(NY)=N4
GO TO 50
45 ROW(NY)=54
GO TO 50 .
46 ROW(NY)=S5
50 CONTINUE
WRITE(6,60) X(1),¥(I,1),ROW
60 FORMAT(1X,2E13.6,10X,81A1)
DO 80 K=1,81
80 ROW(K)=BLANK
90 CONTINUE
RETURN
END
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FUNCTION IMAG(X)
COMPLEX*16 X
REAL*B IMAG
IMAG=X*(0.,-1.)
- RETURN

7 END

arn )
}' ,! {‘

<]
[ 4
3

SRR
s

y FUNCTION REAL(X)

o COMPLEX*16 X

V) DOUBLE PRECISION REAL
' REAL=X

RETURN

END

s
),

CERYS

(@)

e &~ o

FUNCTION ASINH(X)

DOUBLE PRECISION X,ASINH

Y=X

ASINH= ALOG(Y+(Y**2+]1,)*%(,5)
RETURN

END
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{ SUBROUTINE IMCS(R1,RLC,IE,IC,NE,OMEGA,Z,G,ITYPE)
A9 DIMENSION RLC(1),IE(1),1C(1)
N COMPLEX 2
':l\: Z=(0.10c)
A DO 50 1=1,NE
N IETYPE=1E(I)

;;) IF(IC(I).EQ.2) GO TO 20
e GO TO (11,13,15),1ETYPE
11 Z=Z+CMPLX(RLC(I),0.)

; GO TO 50
- 13 2=2+CMPLX(0.,OMEGA*RLC(I))
L GO TO 50
o 15 z=2+CMPLX(0.,1./(OMEGA*RLC(I)))
o GO TO 50
e 20 GO TO (21,23,25),1ETYPE
A~? 21 z=1./7+CMPLX(1./RLC(I1),0.)
o GO TO 30
S 23 2=1./2+CMPLX(0.,1./(OMEGA*RLC(I)))
A GO TO 30 |
L4 25 2=1./2Z+CMPLX(0., (OMEGA*RLC(I)))
" 30 2=1./2
o 50 CONTINUE
AN R=Z
o X=(0.,-1.)*2
"‘" D=(R+R1 ) **2+X**2
o G=4 .*R1*R/D
-~ IF(ITYPE.EQ.0) G=-10.*ALOG10(G)
o RETURN
';; END
D
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DIMENSION X(50),YG(50,6)
DOUBLE PRECISION OMEG(3),ALC(10),0OMEGA,OMEGAC,OMGCL,OMGCH,G1,
: 1GA, OMGCH1
o READ, N,OMEGAC,ITYPE
R WRITE(6,15)N,OMEGAC, ITYPE
15 FORMAT('l',5X,'N=',I13,10X,'OMEGAC=',D20.12,10X,'ITYPE=',I11//)
X CALL DPLXAJ(N,OMEGAC,OMGCL,OMGCH, ITYPE)
DO 80 I=1,50
! OMEGA=1*0,04
s CALL DPLXCH(N,OMGCL,OMGCH,OMEGA,Gl1,G2,GA,ITYPE)
Ny X(1)=OMEGA
. YG(I,1)=Gl
' YG(I1,2)=G2
YG(I,3)=GA
80 CONTINUE
OMEG (1) =OMEGAC
OMEG(2)=1.
OMEG(3)=1./0OMEGAC
DO 82 K=1,3
L CALL DPLXCH(N,OMGCL,OMGCH,OMEG(K),G1,G2,GA,ITYPE)
. 82 WRITE(6,85)OMEG(K),Gl,G2,GA
: 85 FORMAT(6X,'OMEGA=',6D20.12,5X%,'Gl="',D20.12,5%,'G2="',D20.12,5%,
3 1,D20.12)
- CALL PLOT1(X,¥G,50,0.25,2)
CALL BTNK (N,1.D0,1.D0,0.D0,O0MGCL,ALC)
CALL CRT1 (1.D0,ALC,K)

A4

—

N OMGCH1=1./0OMGCH

vy CALL BTNK (N,1D0,1.D0,0.D0,OMGCH1,ALC)

A DO 86 I=1,N

& 86 ALC(I)=1./ALC(I)

o CALL CRT2 (1.D0,ALC,N)
STOP

- END
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DOUBLE PRECISION OMEGAE(10,2),OMEGA,OMEGAl,OMEGA2,0MEGAO(10),
1G21(10),G11(10),G21M(10),DG21M(10),B(10),
1R1,R,C,ALC(10),AL(10),AC(10)

DIMENSION X(50),¥YG(50,6),2G(50,6),YG1(50,6),2G1(50,6)

READ, N,OMEGAl,OMEGA2

WRITE(6,10)N,OMEGAl,OMEGA2

10 FORMAT('1l',5X,'N=',13,10X, 'OMEGAl="',D20.12,10X," 'OMEGA2=",D20.
t READ,M

w3 WRITE (6,15)M
! 15 FORMAT(6X,'M=',13//)
ey DO 20 I=1,M
L g READ, OMEGAE(I,1),OMEGAE(I,2)
NN 20 WRITE(6,25)I1,0MEGAE(I,1),I,OMEGAE(I,2)
25 FORMAT('0',5X,'OMEGAE(',12,',1)=",D20.12,10X, 'OMEGAE(',I2,",2
o 120.12)
S WRITE(6,30)
R 30 FORMAT('l',4X,'OMEGA',8X, " 'G21M'/)
.3 DO 80 I=1,50
ey OMEGA=OMEGAl+(OMEGA2-OMEGA1)*I/50.
® X(1)=0MEGA
: CALL MPLX(N,M,OMEGA,OMEGAE,G21M)
NN WRITE(6,35)0MEGA, (G21M(J),J=1,M)
ot 35 FORMAT(1X,5(D12.5))
AON DO 40 K=1,M
2 40 YG(I,K)=G21M(K)
¢ 80 CONTINUE
- CALL BTNK (N,1.D0,1.D0,0.D0,1.D0,ALC)
; CALL CRT1 (1.D0,ALC,N)
e DO 100 I=1,M
N WRITE(6,99) I
& 99 FORMAT('0',8X,'M=",12/)
™ CALL BPT (N,OMEGAE(I,l),OMEGAE(I,2),ALC,AL,AC)
2 100 CONTINUE
- CALL PLOT1(X,YG,50,0.25,M)
Fa STOP
s END
!
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c
c
C
DOUBLE PRECISION OMEGA,G,A(10),B(10)
CCMPLEX*16 Y,QA,QB
DIMENSION X(100),YG(100)
READ(5,5)NA,NB
READ(5,6) (A(I),I=1,NA)
READ(5,6) (B{I),I=1,NB)
5 FORMAT(212)
6 FORMAT(8F10,0)
WRITE(6,9)NA,NB
9 FORMAT('l',3X,'NA=',12,5X,'NB=',12)
WRITE(6,15)(I,A(I),I=1,NA)
15 FORMAT(1X, 5(3X,'Aa(',12,')=',D15,7))
WRITE(6,16)(I,B(I),I=1,NB)
16 FORMAT(1X, 5(3%X,'B(',I12,')=',D15,7))
WRITE(6,25)
25 FORMAT('l',5X,'OMEGA',12X,'G'/)
DO 10 1=1,100
OMEGA=I*0,02
X(I)=0OMEGA
CALL FRQS1(NA,NB,A,B,OMEGA,G,0)
YG(1)=G
10 WRITE(6,20) OMEGA,G
20 FORMAT(1X, 2D15.7)
CALL PLOTXY(X,YG,100)
STOP
i END
et
T
ol
2
oy
VY
¥ RN ]
@ -
s
o
Wl
A -
gy
).}
=5
\,‘.
ey
. 4
N
%
D
% 235
‘ai Sl
(X
e
) NN \.0 %, .., .’ ,.,," LR : _ .',‘. ..'Q .g. ..m.. .I..‘ . 'v .Q. ‘l...l. "'0.‘ v ». '0 . ollks'»h@". " l‘ ‘I.I.



aonon

( DOUBLE PRECISION R,R1,C,OMEGAC,ALC(20)

2 READ,R,C,R1,OMEGAC,N

ey WRITE(6,100)R,C,R1,OMEGAC,N

e 100 FORMAT(3X,'R=',5X,D20.12/3X,'C="',5X,D20.12/3X,'R1=",4X,D20.12
1/3X, 'OMEGAC="',D20.12/3%X,'N= ',3X%X,13/)

CALL BTNK(N,R1,R,C,OMEGAC,ALC)

CALL CRT(R,C,ALC,N)

STOP

END
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% AR

'H' .

G
LN

aO0Oon

10
15

80
40

16

20

DIMENSION RLC(20),IE(20),1C(20),X(50),YG(50,1)
COMPLEX 2

READ, R1

WRITE(6,5) Rl

FORMAT('1',29%X,'R1="',7X,E15.7//)

READ,NE

DO 10 I=1,NE

READ, RLC(I),IE(I),IC(I1)

WRITE(6,15)1,RLC(I),I,IE(1),I,IC(I)

FORMAT(30X,'RLC(',12,')="',E17.7,10X,'IE(',12,')=",12,10X%,"'1C(",
12,')="',12)

J=1

M=1

N=50

DO 80 I=1,N

OMEGA=1%*0,02

CALL IMCS(R1,RLC,IE,IC,NE,OMEGA,Z,G,1)

X(1)=OMEGA

YG(I,J)=G

WRITE(6,40)1,0MEGA,I,G
FORMAT(1X,'OMEGA(',12,')=',E15.7,10X,'G(',12,')="',E15.7)
YMIN=1,E10

YMAX=-1,E-10

DO 16 J=1,M

DO 16 1=1,N

1IF(YG(1,J).GT.YMAX) YMAX=YG(1,J)

IF(YG(1,J).LT.YMIN) YMIN=YG(I,J)

DY= YMAX/YMIN

RIPPLE=10.*ALOG10(DY)

WRITE(6,20) YMAX,YMIN,RIPPLE

FORMAT( 1X,'YMAX=',E15.7,5X,'YMIN="',E15.7,5%, 'RIPPLE=',E15.7,'DB"')
CALL PLOT1(X,Y¥G,50,0.,1)

STOP

END
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